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ABSTRACT 
 
Biomaterial – biological system interaction triggers complex response to the implanted materials.  
The response includes series of overlapping processes as coagulation, inflammation and wound 
healing. Immune cells interaction with the material interface during these processed play crucial 
role in successful outcome of the implanted biomaterials in tissue engineering, wound healing, 
and artificial organs. Biomaterial type and microenvironment influence host response. Here, we 
show ability to reprogram immune cell as macrophages towards either pro-inflammatory or anti-
inflammatory response through polystyrene latex beads bearing different functional groups. 
Although there is a plethora of evidence illustrating how biomaterials influence functions of 
macrophages, there is a paucity of studies investigating the effects of polymer materials on both 
polarizations and phenotype differentiation. During the wound healing stage polymer can also 
influence healing quality and time through affecting formation of proteins as collagen. The 
quality of the healed wound depends on collagen organization. Achieving random collagen 
deposition that more closely resembles young, healthy skin would be a vast improvement upon 
the imperfections of the natural wound healing process and the integration of tissue engineered 
scaffolds.  Collagen secreted around implant can play crucial role in the successful outcome of 
the implanted devices such as sensors or delivery devices. Our goal is to affect cells responsible 
for formation of collagen and its orientation during the wound healing process through polymer 
substrates. The library of materials used here is based on the basic amino acid arginine. Our 
results demonstrate the ability to exert a level of control over cellular responses through 
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biomaterials and the potential to attain the desired outcome with exposure to these materials in 
wound healing and tissue engineering.   
Second harmonic generation imaging was used for quantitative characterization of 
collagen fiber deposited by cells. Non-centrosymmetric helical structure of collagen fibers allow 
us to image without any labels and minimum damage. One of the main applications of SHG 
microscopy has been imaging collagen fibers and determining fiber organization and parameters 
related to the second-order nonlinear susceptibility. We have used SHG microscopy to assess the 
quality of deposited collagen through quantitative analysis of collagen orientation and structure.   
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CHAPTER 1  
INTRODUCTION 
 
The effect of implanted biomaterials on cells and tissues has been extensively studied. 
However, there is a lack of studies elucidating effects of materials on how collagen is deposited. 
Collagen fiber orientation distribution, structural inhomogeneities, thickness, and other features 
play crucial roles in resolving wound healing. Recently, second harmonic generation (SHG) 
microscopy has become powerful tool for visualizing and quantifying collagen assembly in 
tissues. Due to the non-centrosymmetric nature of collagen fibers, they are highly sensitive and 
specific to the collagen structure. Compared to traditional methods used for visualizing collagen 
fibers, SHG does not require labelling and can be used for imaging collagen in bulk tissues, 
while providing excellent collagen specificity.   
1.1 Foreign Body Response 
Following material implantation the host response includes blood-material interactions, 
provisional matrix formation, acute inflammation, chronic inflammation, granulation tissue 
development, and fibrosis/fibrous capsule development.1 Following the inflammation stage, 
fibroblasts and endothelial cells migrate to the wound site and proliferate. Migrated fibroblasts 
are activate in response to platelet-derived growth factor (PDGF) and epidermal growth factor 
(EGF) and start to secrete collagen.  In response to PDGF, fibroblasts synthesize collagen type 
III, glycosaminoglycans, and fibronectin. Transforming Growth Factor β (TGF-β) activates 
fibroblasts to secrete collagen I and increases the production of cell adhesion proteins.2 During 
the maturation and remodeling stages, collagen is organized by fibroblasts. The quality of the 
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healed wound depends on collagen organization.  Uninjured skin has isotropic collagen fiber 
orientation with 80-90% of collagen type I and 10-20% of collagen type III. In scar tissue 
collagen is well oriented and contains of small bundles of collagen fibers. During granulation 
collagen type III concentration is around 30% and decreases in scars. 3,4  After collagen 
secretion, fibroblasts transform into myofibroblasts and begin wound closure through 
contraction. 5 Collagen secreted around implant can play crucial role in the successful outcome 
of the implanted devices such as sensors or delivery devices. Unidirectional collagen capsule 
secreted around the implant will have low vascular density and can hinder nutrition transport to 
the implanted scaffolds and artificial organs, or create obstacle for proper functioning of the 
devices as sensors. 1,6  
1.2 Second Harmonic Generation 
Recently, SHG microscopy has gained traction in biomedical imaging for measuring 
ordered biomolecular assemblies. 7,8 The nonlinear interaction of incident laser beams with non-
centrosymmetric structures leads to the generation of new photons with twice the energy or 
exactly half of the wavelength of the incident light. 9 The SHG process involves excitation of 
two photons of light, having the same frequency, to a virtual state, which results in the absence 
of photobleaching and photodamage. 10 One of the main applications of SHG microscopy has 
been imaging collagen fibers and determining fiber organization and parameters related to the 
second-order nonlinear susceptibility. SHG microscopy has been exploited in obtaining 
molecular organization of the collagen in the applications including: cardiovascular tissue 
engineering; 11 differentiation of cancer stroma from normal dermis; 12 collagen distribution, 
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content, and structure during the malignant process; 13 and imaging the extracellular matrix in 
vivo.14 
  Collagen is the most abundant protein in the body and the main component of highly 
organized tissue structures. 15 There are various types of collagen with specific structural and 
functional properties. The most commonly investigated and predominant type is collagen I, 
which possesses a fibrillar structure. Fibers are composed of triple-helical macromolecules with 
repeating sequence of amino acids as glycine, proline and hydroxyproline.16 Non-
centrosymmetric structures of collagen can produce strong SHG signal due to nonzero value of 
the first-order hyperpolarizability created with asymmetry in charge distribution. In collagen, the 
molecular the origin of the SHG signal can be explained as an elementary dipole of the amide 
groups and (HN-CO) in the polypeptide chains. The helical organization of peptide bonds leads 
to the generation of SHG signal by coherent summation.10 Therefore SHG microscopy is 
powerful biomedical imaging tool with the minimal damage and label free features.  
In general, the polarization of the material interacting with the strong electric fields can 
be expressed as a Taylor series expansion:  
 
(0) (1) (2) (3)
...P P P P P≈ + + + +
    
  (1.1) 
Materials with nonzero second order susceptibility (2)χ  and incident electric fields 1( )E ω

and  
2( )E ω

 generate second order polarization 
 
(2) (2)
1 2 0 1 2 1 2
,
( ) ( , ) ( ) ( )i ijk j k
j k
P E Eω ω ε χ ω ω ω ω+ = ∑
 
  (1.2) 
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and at the molecular level dipole moment )2(id and hyperpolarizability ijkβ relate to bulk 
properties as  
 
(2)
1 2 1 2 1 2
,
( ) ( , ) ( ) ( )i ijk j k
j k
d E Eω ω β ω ω ω ω+ =∑
 
  (1.3) 
In the specific case of SHG, in which the two incident fields have the same frequencies ( 1ω = 2ω
=ω ), equation 1.2 can be expressed as   
 
(2) (2)
0
,
(2)
0
,
(2)
0
,
(2 ) ( , )E ( )E ( )
( , )E ( )E ( )
( , )E ( )E ( )
j kx ijk
j k
k jijk
k j
j kijk
j k
P ω ε χ ω ω ω ω
ε χ ω ω ω ω
ε χ ω ω ω ω
=
=
=
∑
∑
∑
 
 
 
  (1.4) 
Therefore, the 27 independent elements in the susceptibility tensor reduce to 18 due to its 
intrinsic permutation symmetry.  Considering Kleinman’s symmetry, the nonlinear susceptibility 
tensor elements can be further simplified. In Kleinman’s symmetry, frequencies involved in 
nonlinear optical interaction are different from the resonance frequency of the material; 
therefore, the susceptibility is independent of frequency. Indices can be permuted without 
permuting the frequencies,  
 
(2) (2) (2) (2) (2) (2)
ijk jki kij ikj jik kjiχ χ χ χ χ χ= = = = =   (1.5) 
Under Kleinman’s symmetry contracted notation may be utilized.  
 
(2)1
2il ijk
d χ=   (1.6) 
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where ild runs as 
The number of independent elements is now reduced to only 10. 17,18 We can now express the 
nonlinear polarization in terms of ild as 
 
2
2
(2)
11 12 13 14 15 16 2
(2)
0 21 22 23 24 25 26
(2)
31 32 33 34 35 36
( )
( )
(2 )
( )
(2 ) 2
2 ( ) ( )
(2 )
2 ( ) ( )
2 ( ) ( )
x
y
x
z
y
y z
z
x z
x y
E
E
P d d d d d d
E
P d d d d d d
E E
P d d d d d d
E E
E E
ω
ω
ω
ω
ω ε
ω ω
ω
ω ω
ω ω
 
 
         =              
 
  
  (1.7) 
The next step is to consider the cylindrical structure of collagen fibrils ( ∞C symmetry). During 
the rotation from axes ',',' zyx  to zyx ,, susceptibility tensor transforms as 
 
(2) (2)
0 ' ' ' ' ' '
' ' '
cos( ) cos( ) cos( )ijk ii jj kk i j k
i j k
χ ε θ θ θ χ= ∑   (1.8) 
where 'iiθ is the angle between i and 'i axes. We define the z - axis as a long axis of the cylinder. 
Applying cylindrical symmetry (invariance under xy  - rotations) reduces the independent 
components of the susceptibility tensors to 
:jk  11 22 33 23,32 31,13 12,21 
:l  1 2 3 4 5 6 
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(2)
0 15
(2)
31 31 33
( )
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(2 ) 0 0 0 0 0
( )
(2 ) 2 0 0 0 0 0
2 ( ) ( )
(2 ) 0 0 0
2 ( ) ( )
2 ( ) ( )
x
y
x
z
y
y z
z
x z
x y
E
E
P d
E
P d
E E
P d d d
E E
E E
ω
ω
ω
ω
ω ε
ω ω
ω
ω ω
ω ω
 
 
         =              
 
  
  (1.9) 
Therefore, the components of polarization density are given as:  
 
(2)
15
(2)
15
(2) 2 2 2
31 33
(2 ) 2 ( ) ( )
(2 ) 2 ( ) ( )
(2 ) 2 ( ( ) ( ) ) ( )
x x z
y y z
z x y z
P d E E
P d E E
P d E E d E
ω ω ω
ω ω ω
ω ω ω ω
=
=
= + +
  (1.10) 
In our experimental setup, the laser beam is incident along the +y axis direction and the sample is 
on the x-z plane which allows us to write the electric field as:     
 ˆ ˆsin sinx zE E e E eθ θ= +

  (1.11) 
Then the second-order polarization can be expressed as: 
 ( )(2) 2 2 231 33(2 ) sin ( ) cos ( )zP E d dω θ θ= +   (1.12) 
 
(2) 2
15(2 ) sin 2( )xP d Eω θ=   (1.13) 
The intensity of SHG is proportional to the square of the second-order polarization 
 ( ) ( )
2 2(2) (2)
SHG z xI P P+   (1.14) 
 
 
 
7 
 
 ( ) ( ){ }2 24 2 231 33 15sin ( ) cos ( ) sin 2( )SHGI E d d dθ θ θ+ +   (1.15) 
Where 31 33 15, ,zxx zzz xzxd d dχ χ χ= = =   and θ  is the polarization angle measured with respect to 
the fiber axis. Since the fiber orientation within the image can change, the fixed polarization 
angle eθ   – the angle between the fiber orientation and laser polarization – can change. Angleθ  
can be expressed as 
 0eθ θ θ= −   (1.16) 
Where 𝜃𝜃0the fiber direction is angle and measured with respect to the fixed z-axis of the sample. 
The relative change in SHG intensity can be expressed as 
 [ ]
2
2 2 2
0 0 0sin ( ) cos ( ) sin 2( )xzxzzzSHG e e e
zxx zxx
I c χχθ θ θ θ θ θ
χ χ
     = × − + − + −    
     
  (1.17) 
SHG signal is experimentally measured while rotating the polarization angle of incident laser 
beam. Using equation 1.17, values for the fiber orientation angles and tensor elements can be 
determined. The susceptibility tensor elements are related to the material properties and 
therefore, can form the basis for contrasting different second harmonic generating molecules. 19  
Determining the microstructure organization of collagen is an important concern in 
processes such as wound healing, the foreign body response, and tissue engineering. Collagen 
plays an essential role in the tissue repair and growth. 20,21 Collagen orientation plays a crucial 
role in scar formation providing necessary strength and function of the skin. It has been shown 
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that collagen orientation is different for normal skin compared to scar tissue. Normal skin has 
randomly oriented collagen fibers while scar tissue has aligned fibers oriented parallel to the 
epidermis. 3 Depending on how collagen fibers are oriented, scars can become hypertrophic and 
cause functional problems to patients. For example, patients with scars from burn wounds often 
suffer from limited mobility due to the scar contraction and stiffness. 22 Understanding the 
structural differences of scar tissue compared to normal skin will aid in understanding the 
scarring processes and formation of fibrotic tissue. 23 In particular, how substrates are able to 
impact collagen orientation will open a new avenue for rational design of biomaterials. Most 
studies of scar formation provide only qualitative analysis of the structure. 3,24 We have used 
SHG microscopy to assess the quality of deposited collagen through quantitative analysis of 
collagen orientation and structure.  
1.3 Second Harmonic Generation experimental setup 
The laser system is a mode-locked Ti:Sapphire laser (100 fs pulse width, 1 kHz repetition 
rate, Libra, Coherent) that produces an 800 nm fundamental. The average power at the samples 
was controlled using a combination of a half-wave plate and a Glan-Thompson polarizer 
(Thorlabs) and kept between 1-10 mW, as experimentally determined to be below the damage 
threshold of the cells. SHG signal was collected in the transmission mode. For this setup, an 
inverted microscope stand (AmScope) and 20X Nikon Plan Fluorite objective (0.50 NA, 2.1 
mm) were used to focus the beam and the SHG light was collected with a 40x Nikon water 
immersion objective (0.8 NA, 3.5 mm). The transmitted SHG signal was reflected by a dichroic 
mirror (Thorlabs) and separated from the fundamental beam with a short pass filter < 450nm 
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(Thorlabs) and a 808 nm notch filter (NF-808.0-E-25.0M, Melles Griot), before detection by an 
intensified CCD camera (iCCD, iStar 334T, Andor).  
Polarization analysis of SHG signal from samples was accomplished using a Glan-
Thompson polarizer and a half-wave plate mounted on a motor driven rotational stage 
(Thorlabs). These optics were inserted before the focusing objective. The Glan-Thompson 
polarizer was used to achieve linear polarization, which was rotated with a half-wave plate.8 An 
additional polarizer was inserted into the optical path in front of the iCCD to ensure the 
polarization state of the transmitted SHG signal. Images were acquired every 10° from 0° to 350. 
  
Figure 1.1.  Schematic of SHG system 
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1.4 Research goals 
Biomaterial type and microenvironment influence host response. Here, we show ability to 
influence immune cell as macrophages and cells responsible for formation of collagen and its 
orientation during the wound healing process through different materials in vitro and in vivo.  We 
have used SHG microscopy to assess the quality of deposited collagen through quantitative 
analysis of collagen orientation and structure.  
1.4.1 Macrophage reprogramming.  
The primary scientific/engineering objective of this project is to demonstrate that 
polymers can affect macrophage phenotype and phagocytosis activity. Possibility to tailor 
macrophage phenotype in response to implanted materials can lead to creation better 
biomaterials for drug delivery and tissue engineering applications.   
1.4.2 Controlling fibroblast response.  
The primary scientific/engineering objectives of this project are to show how fibroblast 
cell response can be tuned trough interaction with biomaterials and demonstrate ability of 
polarization second-harmonic generation microscopy to visualize and quantify collagen fiber 
orientation. Library of arginine-based polymeric materials was chosen to evaluate cell 
morphology, cytokine production, and collagen fiber distribution.  
1.4.3 Effect of polarized light on collagen orientation secreted by fibroblast cells 
The primary scientific/engineering objective of this project is to demonstrate the ability to 
control cell response with polarized light. Fibroblasts response to irradiation with linearly 
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polarized light at different polarization angles is studied. Possibility to control cell response with 
polarization angle can have great potential in the laser treatment of wounds. 
1.4.4 Second harmonic generation imaging for quantitative characterization of collagen in 
fibrotic capsule.  
The primary scientific/engineering objectives of this project are to demonstrate ability of 
SHG microscopy in differentiating collagen type I and type III in tissue and effect of biomaterial 
type on fibrotic capsule surrounding implant in vivo. Library of polystyrene latex beads were 
used for assessing collagen fiber orientation and collagen composition in fibrotic capsules. 
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CHAPTER 2  
MACROPHAGE REPROGRAMMING: INFLUENCE OF LATEX BEADS WITH 
VARIOUS FUNCTIONAL GROUPS ON MACROPHAGE PHENOTYPE AND 
PHAGOCYTIC UPTAKE IN VITRO 
 
Macrophages play a crucial role in initiating immune responses with various functions 
ranging from wound healing to anti-microbial actions. The type of biomaterial is suggested to 
influence macrophage phenotype.  Here, we show that exposing M1 and M2 activated 
macrophages to polystyrene latex beads bearing different functional groups can alter secretion 
profiles, providing a possible method for altering the course of the host response. Macrophages 
were stimulated with either LPS or IL-4 and cultured for 24 hours with ten different latex beads. 
Pro-inflammatory cytokines (TNF-α, MCP-1) and nitrite served as markers for the M1 
phenotype and pro-angiogenic cytokine (IL-10) and arginase activity for M2 cells. The ability of 
the macrophages to phagocytize Escherichia coli particles and water contact angles of the 
polymers were also assessed. Different patterns of cytokine expression and phagocytosis activity 
were induced by the various particles. Particles did not polarize the cells towards one specific 
phenotype versus another, but rather induced changes in both pro- and anti-inflammatory 
markers. Our results suggest a dependence of pro- and anti-inflammatory cytokines and 
phagocytic activities on material type and cytokine stimuli. These data also illustrate how 
biomaterials can be exploited to alter host responses for drug delivery and tissue engineering 
applications. 
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2.1 Introduction 
Macrophages have key roles in both innate and adaptive immunity as well as in the 
foreign body response to synthetic biomaterials.1 Furthermore, macrophages show considerable 
plasticity in phenotypic functions depending on their microenvironment. Phenotypes are 
distinguished by different levels of cytokines and molecules expressed by macrophages in 
response to different stimuli. In general they are classified into classically activated macrophages 
(M1) and alternatively activated macrophages (M2). These phenotypes describe extreme ends of 
more a complex scale of macrophage functions.2,3 Classically activated macrophages are 
typically activated in response to microbial products, such as lipopolysaccharide (LPS) or pro-
inﬂammatory factors like interferon-γ (IFN-γ) and secrete pro-inflammatory cytokines 
(interleukin-12 (IL-12), tumor necrosis factor α (TNF-α), monocyte chemotactic protein-1 
(MCP-1) and reactive nitrogen species) promoting a type I T helper (Th1) response.4 Alternative 
activation of macrophages (M2a) are stimulated by interleukin-4 (IL-4), IL-13 followed with a 
burst of arginase activity and IL-10 secretion, thus promoting angiogenesis and wound healing in 
a Th2 response.5 Toll-like receptor (TLR)/IL-1 receptor (IL-1R) ligands and immune complexes 
induce M2b macrophages. M2c macrophages are activated in response to IL-10 and 
glucocorticoid hormones and are sometimes categorized as regulatory macrophages.4,6 
In the foreign body response, macrophages are one of the first cell types recruited to an 
implanted object. Macrophage response at the surface of the implant will likely have an 
important impact in the implant’s integration into the host tissue.7 During implantation, M1 cells 
initiate an inflammation response with a burst of pro-inflammatory cytokines while M2 cells 
produce anti-inflammatory cytokines and help to maintain tissue hemostasis by removing 
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necrotic and promote wound healing during the resolution stage.8,9 In vitro macrophage 
polarization has been shown to be dependent on the type of biomaterial and surface chemistry of 
these materials. In 10 authors showed that hydrophobic surfaces led to increased pro-
inflammatory response with up-regulated levels of pro-inflammatory cytokines IL-1β, IL-6 and 
TNF-α. However, another study reported an opposite correlation,9 suggesting that macrophages 
activation in response to biomaterials is not defined only by one macrophage phenotype but 
rather by a broad range of phenotypes.  
Using biomaterials to reduce the M1 response and reprogram macrophages to an M2 
phenotype may aid in promoting immunosuppressive and pro-angiogenic cytokines, leading to 
improved outcomes in implantable medical devices.11  
Here, we studied how various latex beads affect cells response to pro-inflammatory and 
pro-angiongenic stimuli in vitro.12 We used plain polystyrene (PS) beads and 9 polystyrene beads 
with different functional groups to determine whether macrophages can be specifically 
reprogrammed in vitro by various particles. Latex beads are common biomaterials and widely 
used in applications as drug delivery and medical diagnostics13,14. These polymeric microspheres 
are also often used for studying the influence of materials on immune functions and cell 
response. Macrophages treated with poly(methyl methacrylate) (PMMA) and PS particles 
induced inflammatory mediators as arachidonic acid and its different metabolities, which are 
associated with metabolism in M1 macrophages.15 Frick et al. 16 found that macrophages 
exposed to PMMA, PS, and polyethylene particles resulted in nitrite and TNF-α production 
changes, with higher levels of tumor necrosis factor in response to PMMA compared to 
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polyethylene particles. Makino et al. 17 demonstrated the influence of PS surface 
functionalization on macrophage phagocytosis, showing highest uptake for PS beads with amine 
groups compared to sulfate, hydroxyl, or carboxyl groups on the surface. Phagocytosis 
dependence on particle surface chemistry is a well-established fact. Polyethylene glycol is 
commonly used for modification to decrease phagocytosis activities by creating a hydrophilic 
protective layer around the particle.18,19 Although there is a plethora of evidence illustrating those 
biomaterials can influence functions of macrophages, there is a paucity of studies investigating 
the effects of polymer materials on both polarizations and phenotype differentiation.  
The mouse macrophage-like cell line RAW 264.7 (ATCC), a common model for 
macrophage activation and function studies were used in all experiments.20,21 Macrophages were 
activated with LPS or IL-4 and subsequently cultured with polystyrene latex beads containing 
various functional groups.22-24 Pro-inflammatory responses were monitored through secretion of 
TNF-α, MCP-1 and nitrite, while IL-10 and arginase activity denoted angiogenic responses. 
Also, the effect of the biomaterials on phagocytosis and the hydrophobicity of latex beads were 
evaluated. It was found that polystyrene particles promoted changes in both M1 and M2 
macrophages resulting in different cytokines secretion profiles. This study clearly demonstrates 
that polymers have an effect on macrophages phenotype and phagocytosis activity and hold 
therapeutic potential in altering macrophage phenotype, facilitating the creation of better 
biomaterials for drug delivery and tissue engineering applications. 
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2.2 Materials and Methods  
2.2.1 Materials. All particles were sterilized by washing three times in 70% ethanol, followed by 
three washes in deionized sterile water by centrifuging at 10,000 g for 3 minutes. The particles 
were re-suspended to a concentration of 0.0625%.  
2.2.2 Cell culture and simulation. RAW 264.7 macrophages were cultured at 37°C with 5% 
CO2 in 10% fetal bovine serum (FBS), 100 U/L penicillin, and 100 μg/L in Dulbecco's modified 
Eagle's medium (DMEM High Glucose; Thermo Scientific), to be referred to as complete media 
(CM). RAW 264.7 cells were seeded in 24-well plate at 1.25 ×105 cell/cm2 in presence of 5 
µg/mL lipopolysaccharide (LPS, Sigma Aldrich) or 25 ng/ml Interleukin-4 (IL-4, eBioscience 
Inc.) and incubated 24 h at 37°C in 5% CO2. After activation, particles were added to the wells 
(100 particles per cell) and incubated for 24 h. In a control experiment, cells were incubated 
without particles. A control of particle and IL-4 or LPS in the absence of cells was also 
conducted. The media in each well was collected and stored at −20°C. All experiments were 
performed in quadruplicate.     
2.2.3 Cell viability. Cell viability was determined through an MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, Sigma Aldrich) assay. After the supernatants were 
removed, 50 µL of a MTT solution (5 mg/mL in DI water) and 500 µL of CM were added to the 
wells and incubated for two hours at 37°C in 5% CO2.  Then 425 µL of media was aspirated. The 
crystalline deposits were dissolved using 500 µL of dimethyl sulfoxide (DMSO). Absorbance of 
cells at 540 nm was measured, with a reference at 690 nm. MTT assay results were used for 
normalization of ELISA, urea, Griess, and phagocytosis assays.  
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2.2.4 Measurement of cytokine production. Secretion level of TNF-α, MCP-1 and IL-10 in 
LPS-treated or IL-4-treated cell supernatant were determined by commercial immunoassay kits 
(eBioscience Inc.) and performed as described in the manufacturer’s instructions. All 
experiments were performed in quadruplicate. Cells activated either with LPS or IL-4 without 
particles were used as positive control (PC). Results were expressed as mean concentration ± 
standard deviation. The results were also normalized to the number of live cells.  
2.2.5 Measurement of arginase activity. LPS-treated or IL-4-treated cells were lysed with 0.1% 
Triton X-100 containing protease inhibitor cocktail (Amresco), which was used according to the 
manufacturer’s specifications. The lysate was incubated in 10mM MnCl2 and 50mM Tris HCl 
(pH 7.5) to activate the enzyme at 55°C for 10 min. The lysate was subsequently transferred to a 
96-well plate and incubated at 37°C for 20 h with 1M arginine. Arginase activity was measured 
through conversion of arginine to urea via a urea assay kit (BioAssays Systems). All experiments 
were performed in quadruplicate. Results were expressed as the mean urea concentration ± 
standard deviation and normalized to the number of live cells. 
2.2.6 Measurement of nitrite production. Nitrite production in the supernatants of cultured 
cells was measured. Briefly, 1 mM NaNO2 was diluted to 100 μM in DI water and two-fold serial 
dilution was made from the 1 mM dilution to prepare a standard curve using DI water as a blank. 
130 µL of cell culture supernatant and standards were mixed with 20 µL of Griess reagent 
(Alexis Biochemicals) for 20 min and absorbance was measured at 540 nm with a reference at 
690 nm. All experiments were performed in quadruplicate. Results were expressed as the mean 
nitrite concentration ± standard deviation and normalized to the number of live cells.  
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2.2.7 Phagocytosis assay. Phagocytosis was quantified using a Vybrant Phagocytosis Assay kit 
(Molecular Probes, Inc.). Cells were seeded into 96-well plate at 3.1 ×105 cells/cm2 and were 
incubated for 24 hours to allow them to adhere to the microplate surface in the presence of 5 
µg/mL LPS or 25 ng/ml IL-4. 100 particles per cell were added to each well, which was followed 
by 24 h incubation and after 2 h incubation with fluorescence-conjugated E. coli bioparticles. 
Trypan blue was used to quench the extracellular bioparticles. Phagocytosis activity was 
quantitatively measured using ~480 nm excitation and ~520 nm emission. Results were 
expressed as the mean phagocytosis response of five experimental wells ± standard deviation and 
normalized to the number of live cells.  
Fluorescent images were acquired using an Amscope inverted fluorescent microscope 
(XYL403) equipped with 5M pixels CCD camera.  Images were then processed with ImageJ 
software. 
2.2.8 Measurement of water contact angles. Water contact angles were determined for 
polystyrene latex beads at room temperature. Polymers were melted to create a flat surface. A 3 
µL water drop was gently placed on the surface and the angle between the tangent to the drop 
and polymer surface at the solid/liquid/air point was measured using a digital camera (Canon 
EOS Rebel T3i) and ImageJ software. Angles of 5 drops were measured and results were 
expressed as the mean contact angle ± standard deviation.  
2.2.9 Statistical analysis. The statistical significance of the mean comparisons were determined 
by ANOVA t using the JMP Pro statistical software package. Pair-wise comparisons were 
analyzed with Turkey HSD. Differences were considered statistically significant for P < 0.05. 
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Correlations between the concentrations of cytokines of interest were analyzed with the use of 
Pearson correlation coefficients (r) using the multivariate platform in JMP. 
  2.3 Results 
 
2.3.1 Macrophage response to particles. We first sought to evaluate the effects of functional 
groups on macrophage polarization. As an initial step, the viability of the macrophages in 
response to these particles was assessed. Viability assay results show (Figure 2.1) that cells 
treated with LPS or IL-4 were more than 70% viable for all particles. Further data obtained was 
normalized against the number of cells present in each experimental well. 
 
Figure 2.1 Viability of LPS and IL-4 treated RAW 264.7 cell in response to 100 particles per 
cell. 
The concentration of TNF-α (Figure 2.2A) and MCP-1 (Figure 2.2B) cytokines secreted 
by classically and alternatively activated macrophages were determined in response to 
experimental particles. Expression patterns show that functional groups of the particles 
significantly affected TNF-α and MCP-1 release for both phenotypes (Table 2.1).  
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Table 2.1 One-way ANOVA results for LPS and Il-4 treated macrophages.  
    LPS            IL-4 
 
 
 
 
 
Figure 2.2. Pro-inflammatory cytokine expressions (A) TNF-α, (B) MCP-1 and (C) nitrite 
secretion by macrophages in response to latex beads and stimulation with LPS and IL-4. 
Expressions are normalized to the number of live cells. *p < 0.05 compared with PC, **p < 0.05 
compared with other samples in the same polarizing conditions. 
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Treatment with vinylbenzylchloride latex beads significantly decreased the TNF-α 
expression secreted by the LPS activated cells compared to the control level (p < 0.05) and 
showed almost the same expression level as the control of alternatively activated cells. In 
comparing polystyrene particles with vinylbenzylchloride particles, the difference in TNF-α 
expression is ~ 1.7 fold. While polystyrene and dimethylamino particles had no effect on TNF-α 
expression for LPS activated cells they significantly decreased cytokine release for alternatively 
activated macrophages (p < 0.05). LPS and IL-4 activated cells treated with aldehyde/sulfate, 
amidine, amino, carboxyl, hydroxyl and sulfonate latex beads exhibited only slightly different 
levels of TNF-α, compared to their controls, respectively. PMMA showed similar levels for LPS 
activated cells relative to the control, and the highest TNF-α level compared to the control (~ 1.4 
fold) in IL-4 activated cells. TNF-α cytokine expression of IL-4 cells with PMMA particles were 
~ 2 fold over the polystyrene latex beads. 
All particles except for dimethylamino and showed no considerable difference in MCP-1 
expression compared to the positive control for LPS treated cells (p < 0.05). Latex beads with 
amidine and aldehyde/sulfate functional groups exposed to IL-4 activated cells led to a 
significant difference in their expressions (~1.6 fold). 
Pro-inflammatory NO2- production by classically and alternatively activated macrophages 
was also evaluated (Figure 2.2C). Carboxyl, hydroxyl and vinylbenzylchloride also significantly 
up-regulated nitrite production in IL-4 activated cells compared to the control (p < 0.05). These 
functional groups also showed significant differences in nitrite production compared to 
polystyrene particles (~2 fold), illustrating the effect of material type on pro-inflammatory NO2- 
production. In classically activated cells aldehyde/sulfate, amidine, dimethylamino, 
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vinylbenzylchloride and polystyrene had similarly increased levels of nitrite release compared to 
the control (p < 0.05).  
 
Figure 2.3 Anti-inflammatory cytokine expressions (A) IL-10 and (B) urea production in 
macrophages as a response to latex beads and stimulation with LPS and IL-4. Expressions are 
normalized to the number of live cells. *p < 0.05 compared with corresponding PC, **p < 0.05 
compared with other samples in the same polarizing conditions. 
Next, IL-10, an anti-inflammatory cytokine release by classically and alternatively 
activated macrophages, was measured (Figure 2.3A). Classically activated cells in response to 
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polystyrene particles showed a significant reduction of IL-10 expression (~10 fold) compared to 
the control. Carboxyl, sulfonate and aldehyde/sulfate particles also were able to significantly 
down-regulate IL-10 production (p<0.05). IL-10 expression was slightly higher for PMMA than 
control, but was significantly higher than polystyrene (~10 fold).  The expression pattern for IL-
10 of all particles, except for PMMA in IL-4 activated macrophages showed similar levels 
compared to the control and polystyrene particles. PMMA increased IL-10 expression ~ 2.7 fold 
over polystyrene beads.  
Arginase activity is associated with wound healing and is typically expressed by 
alternatively activated macrophages. Here, exposing cell lysate to arginine and determining the 
concentration of urea produced was used to measure arginase activity. None of the latex beads 
affected urea expression for either activation type (Figure 2.3B). The urea expression for the 
particles was similar to the controls. The largest difference between urea expressions was 
between the carboxyl and hydroxyl groups in LPS simulated cells.  
Correlations between pro-anti-inflammatory markers for M1 and M2 cells were also 
analyzed. IL-10 expression positively correlated with TNF-α expression for M2 cells (r=0.7643), 
while no correlation for M1 cells was observed.  
2.3.2 Phagocytic activities. The effect of the experimental particles on the phagocytic function 
of macrophages polarized to M1 and M2 states was also tested. The highest phagocytic effect 
was observed in response to PMMA with a value that was ~1.5 fold over the control for 
classically activated macrophages (Figure 2.4). Amidine was also able to increase phagocytosis 
of M1 macrophages (~ 1.4 fold), while no effect was observed in M2 cells. The most dramatic 
decrease of phagocytic activity came from aldehyde/sulfonate and carboxyl groups in M1 cells 
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compared to M2 cells (~ 4.6 and 3.2 fold, respectively). Hydroxyl and polystyrene particles also 
significantly decreased M1 cells uptake (~ 1.5 fold), but showed no change in the propensity for 
phagocytosis by M2 cells. Aldehyde/Sulfonate, amino, sulfonate and vinylbenzylchloride latex 
beads also up-regulated phagocytic activity in IL-4 treated cells compared to the control and 
polystyrene particles (p<0.05). Overlays of transmitted light and fluorescence images of 
phagocytizing macrophages are shown in Figure 4. 
 
Figure 2.4 Fluorescent images of phagocytic capacity of macrophages in response to the latex 
beads. Macrophages were incubated with LPS (left) or IL-4 (right) for 24 h followed by a 24 h 
incubation with functionalized particles. The cells were washed an incubated with fluorescein-
labeled E. coli particles, shown in green. The fluorescence image is over layed on a phase 
contrast image of the cells. Phagocytosis response was normalized to the number of live cells and 
corresponding positive controls. *p < 0.05 compared with corresponding PC, **p < 0.05 
compared with other samples in the same polarizing conditions. 
2.3.3 Water contact angles. Water contact angle measurements performed on polymer surface 
are shown in Table 2.2. Results correlated well (r = 0.7582) with the TNF-α expression of LPS 
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activated cells: the lowest contact angle, around 20° was measured on vinylbenzylchloride, 
contrary to aldehyde/sulfonate, amidine, dimethylamino, and sulfonate which showed contact 
angles higher than 90°. These measurements are very similar to those reported in Figure 2A for 
TNF-α expression in LPS activated macrophages. High contact angles were also measured for 
PMMA. Contact angles in the range of 50°- 60° were recorded for amino, carboxyl, hydroxyl, 
and polystyrene samples. There appears to be no correlation between the water contact angle and 
TNF- α secretion for alternatively activated macrophages. 
Table 2.2 Water contact angle measurements 
samples contact angle (°) 
Aldehyde/Sulfate 94.405±1.198 
Amidine 91.303±5.401 
Amino 50.493±4.334 
Carboxyl 52.888±3.310 
Dimethylamino 98.345±2.935 
Hydroxyl 59.208±2.216 
PMMA 79.003±2.224 
Polystyrene 62.233±3.550 
Sulfonate 97.890±3.868 
VBC 17.430±2.920 
 
Detailed statistical reports can be found below for all molecules measured in both IL-4 and LPS 
conditions (Table 2.3). 
 
 
 
 
 
28 
 
Table 2.3 Comparisons of TNF-α, IL-10, urea, nitrite expression means and phagocytosis effect 
means in LPS and IL-4 macrophages. Samples not connected same letter are significantly 
different (p < 0.05). 
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2.4 Discussion 
 
The present study demonstrates that polystyrene and functionalized polystyrene latex 
beads, investigated for their ability to alter the phenotype of TAMs during drug delivery or to 
induce angiogenesis for artificial organs, were able to elicit different cytokine expression profiles 
and phagocytic activities in M1 and M2 phenotype macrophages. The response to latex beads 
was not defined by one specific macrophage phenotype but rather by a broad range of 
phenotypes, which depended on bead type and activation agent (IL-4 or LPS). For example, 
treatment of macrophages with IL-4 stimulated a positive correlation of inflammatory TNF-α 
production and anti-inflammatory IL-10 expression (r=0.7643). It is important to note that these 
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alterations in cytokine production occurred in macrophages that were continuously stimulated 
with phenotypic activators, e.g. macrophages were continuously bathed in IL-4 or LPS.  
The M1 phenotype includes high levels of TNF-α and MCP-1 cytokine expression, which 
are essential for a pro-inflammatory response. The M1 pathway is also characterized by high 
levels of inducible oxide synthase which oxidatively metabolizes L-arginine and produces 
reactive nitrogen species, including nitrite.25 The M2 phenotype includes IL-10, expressed by 
TAMs and tumor cells and is commonly to referred as an anti-inflammatory cytokine, which is 
able to inhibit Th1 responses.26,27 Arginase is also one of the M2 markers, metabolizing L-
arginine into ornithine and polyamines, both of which are necessary for cellular proliferation and 
wound healing.28 Here, urea concentration was measured, which is an arginase catalysis product.  
Our results demonstrate that several latex beads have potent properties in differentiating 
macrophage phenotype. A noticeable shift towards the alternatively activated phenotype was 
observed in M1 cells in response to vinylbenzylchloride latex beads. TNF-α cytokine expression 
was down regulated to the same expression level as the control of IL-4 treated macrophages. The 
IL-10 expression pattern showed a high dependence on particle type with a 12-fold difference for 
PMMA and PS particles. The influence of PMMA particles on activated cells was more 
profound for M2 macrophages with up-regulated TNF-α and IL-10 production.  
Phagocytosis is an important event in host defense against pathogens and clearance of 
apoptotic cells.[29] Phagocytosis of microspheres was studied for latex beads with diameters 
around 1 µm. Our data demonstrates that the phagocytic activity of M1 and M2 cells changed 
after incubation with latex beads. Some particle functional groups, such as aldehyde/Sulfonate, 
carboxyl, and hydroxyl, showed a dramatic difference in phagocytosis ability when comparing 
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the M1 and M2 macrophages. This has the potential to be a very useful therapeutic in that 
specific subpopulations of macrophages may be targeted by different functional groups on drug 
delivery vehicles. Interestingly, PMMA also showed one of the highest phagocytosis effects in 
M1 cells being consistent with pro-inflammatory TNF- α expression for PMMA. Similar 
behavior was also observed for the sulfonate functional group.  
Several studies have demonstrated that there is an effect of material surface and 
functional groups on macrophage phagocytosis and cytokine production. In  C.J. van Oss et al.,30 
the authors showed the importance of surface hydrophobicity in particle phagocytosis. It was 
found that particles with higher surface hydrophobicity had higher phagocytic activity than less 
hyrophobic samples. Van Oss also observed a correlation between phaocytosis and surface free 
energy in that bacteria with more hydrophobic surfaces than phagocytes are phagocytosed more 
easily compared to bacteria with more hydrophilic surfaces that phagocytes. Cytokine production 
also showed a dependence on materials type with a significant increase of IL-10 expression for 
anionic and hydrophobic surfaces.31 Most of these studies stimulated cells with LPS or IL-4, but 
they did not examine how the initial polarization of the cells results in changes in molecular 
expression.9,32 Our results suggest an almost linear correlation between TNF-α and surface 
hydrophobicity in M1 cells (r = 0.7582) and yet this relationship was not observed in M2 
phenotype cells. This is likely due to the surface receptors present on the two different 
macrophage phenotypes interacting with the proteins that are adsorbed to the surface of the 
particles. As the membrane receptors are different for the two activation pathways, the 
interactions with adsorbed proteins will also be different. Our findings confirm that biomaterials 
can indeed affect how cells respond to LPS and IL-4 stimuli and shift towards a specific 
 
 
 
34 
 
phenotype and that the choice of these materials in designing a biomedical device or drug 
delivery system can influence the foreign body response. 
2.5 Conclusion 
Plasticity of macrophages and their phagocytic activity play an important role in the 
resolution of non-specific host response. In the foreign body response macrophages may promote 
biocompatibility of the implanted medical device by suppressing pro-inflammatory cytokines 
and phagocytosis in macrophages, while shifting towards a wound-healing M2 phenotype. Here, 
we show how different biomaterials affect both M1 and M2 macrophages resulting in different 
cytokines and phagocytosis levels. Treatment M2 cells with the latex beads induced cytokines 
expression patterns different for most of the materials, suggesting a dependence of macrophage 
phenotype profiles on the materials to which they were exposed. A linear correlation of surface 
properties with TNF-α expression in M1 cells and the absence of this correlation in M2 cells 
suggest the importance of both macrophage initial phenotype and material type in their 
interaction.  
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CHAPTER 3  
POLY-L-ARGININE BASED MATERIALS AS INSTRUCTIVE SUBSTRATES FOR 
FIBROBLASTS SYNTHESIS OF COLLAGEN  
 
The interactions of cells and surrounding tissues with biomaterials used in tissue 
engineering, wound healing, and artificial organs ultimately determine the nature of their in vivo 
fate. We demonstrate the ability to tune fibroblast cell responses through substrates. In particular, 
we examined cell morphology, cytokine production, and collagen fiber deposition angles in 
response to a library of arginine-based polymeric materials. The data presented here shows large 
range of vascular endothelia growth factor (VEGF) secretion (0.637 ng/106 cells to 3.25 ng/106 
cells), collagen fiber orientation (0.003 < polarization anisotropy <0.3357), cell migration (~15 
min < persistence time < 120 min, 0.11 μm/min < speed < 0.23 μm/min), and cell morphology 
(0.0387 < form factor < 0.1072). These findings demonstrate the ability to exert a level of control 
over cellular responses through biomaterials and the potential to attain the desired outcome with 
exposure to these materials in wound healing and tissue engineering.   
3.1 Introduction 
The extracellular microenvironment affects cells and is instrumental in controlling 
cellular behavior and responses.1 Implanted biomaterials, tissue engineering constructs, and 
artificial organs all interact to some extent with surrounding tissues and cells. Ultimately, their in 
vivo fate depends on the outcome of this interaction. The impact of biomaterials on cells has 
been widely studied;2–5 however, the ability to tune the response of fibroblasts for applications in 
wound healing and tissue engineering, in particular the substrate’s ability to alter the angle of 
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collagen fiber deposition through changing chemical functional group alone has not been 
explored.  
Wound healing is a complex process involving the interaction of various cell lineages and 
tissue types to repair the skin after injury. This process can be generally categorized in to four 
phases: coagulation, inflammation, proliferation, and remodeling.6–8 While healing is often rapid 
and efficient, the tissue that results is not always aesthetically appealing or functionally suitable7. 
Scarring is an aesthetically unpleasing result of injury, but the mechanically weakened and 
sometimes dysfunctional skin is of greater concern. Remodeled tissue can only reach a maximum 
of 80% of the original strength in unwounded skin.8 The way in which collagen is reorganized by 
fibroblasts is directly responsible for the decrease in strength. In healthy tissue, collagen is found 
to have isotropic fiber orientation while scar tissue contains smaller bundles of collagen that are 
aligned parallel to one another.9 This is especially problematic for tissue-engineered scaffolds 
and artificial organs that require nutrient transport, which can be impeded by fibrotic tissue.4 
Achieving random collagen deposition that more closely resembles young, healthy skin 
would be a vast improvement upon the imperfections of the natural wound healing process and 
the integration of tissue engineered scaffolds. One approach would be to develop a wound-
healing polymer that can influence the way in which fibroblasts synthesize and deposit collagen. 
There have been numerous wound dressings, other than standard bandages and gauzes, aimed at 
providing an optimum environment for the cells involved in wound healing.10 Optimum 
conditions include a warm moist environment with oxygen circulation and low bacterial access.10 
Many of these dressings have decreased pain levels and healing time; they can serve an 
antibacterial, absorbent, adherent or occlusive function. Unfortunately, none of the commercially 
 
 
 
40 
 
available dressings target the remodeling phase of wound healing, in particular how fibroblasts 
respond to the biomaterials, to reduce scarring.10 
In this paper, we present a new potential platform for engineering fibroblast cell 
responses to improve upon the wound healing process. The idea of this work is to directly target 
and affect fibroblast cells in the remodeling phase. The library of materials used here is based on 
the basic amino acid arginine. Arginine-rich peptides have been extensively explored as 
intracellular delivery vehicles as their guanidine functionality allow them to interact with the 
phosphate groups in cell membranes.11–13 Thus, we have developed a library based on arginine 
on the premise that interactions between the arginine moieties and the cell membrane may result 
in altered cell morphology, cytokine production, and collagen fiber deposition angles by 
fibroblasts. 
3.2. Materials and Methods 
 
3.2.1 PLR Modification. Fifteen different molecules (Figure 3.1) (Sigma Aldrich), herein called 
amidine derivatives, were used to modify poly-L-arginine (PLR) with an 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling reaction. Briefly, 4mL of a 2.5 mg/mL 
solution of PLR in phosphate buffered saline (PBS) were placed in glass scintillation vials with 
100 molar equivalents of amidine derivative. 200mg of EDC was added to the vial and the 
reaction was allowed to stir for 4 hours at room temperature.  The polymers were then dialyzed 
for 24 hours to remove EDC and unreacted amidine derivatives, and subsequently lyophilized. 
The modified PLR was re-suspended in PBS at 0.1% and stored at -20°C.    
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Figure 3.1 Synthesis of a new library of poly-L-arginine (PLR) derivatives. Chemical structures 
of molecules used to modify PLR.  The amidine derivatives shown here are numbered for easier 
identification in experiments and discussion throughout the paper. 
3.2.2 Material Characterization. In order to ensure that the reaction proceeded, NMR was used 
to characterize the reaction products (Figures 3.2). The modified PLR samples were dissolved in 
D2O and freeze-dried three times to replace all OH groups with OD groups before 2mg of 
polymer were dissolved a final time in 600μL of D2O. The 1H spectra were recorded on a Bruker 
Avance III Spectrometer at 70°C, a sweep width of 6602.1Hz, a 90° pulse, and an acquisition 
time of 2.48 s. 128 repetitive scans with 64k points were acquired and the data were processed in 
MNova with 128k points, zero filling, and exponential line broadening of 1.0Hz.14 16 repetitive 
scans were acquired at room temperature for the 1H spectra of the amidine derivatives with all 
other parameters the same as above. 
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Figure 3.2 NMR spectra collected of amidine derivatives, modified PLRs, and control PLR. (a-
o) Dashed lines indicate additional peaks found in the modified PLR spectra, representing the 
formation of an amide bond by EDC coupling. 
3.2.3 Water contact angle. The hydrophobicity of each modified PLR sample was measured by 
determining the water contact angle of each sample. The captive air bubble method was used 
since all the samples were very hydrophilic. The coated coverslips were attached to microscope 
slides and placed upside down on top of a container of water. An air bubble (100 μl) was then 
distributed under the coverslip and imaged with a digital camera (Canon EOS Rebel T3i).  This 
process was repeated to obtain five replicates before the angle between the glass and the bubble 
were measured using ImageJ software and subtracted from 180° to determine the final water 
contact angle.   
3.2.4 Cell Culture. The mouse embryo fibroblast cell line NIH/3T3 (American Type Cell 
Collection, ATCC) was cultured in complete media (CM, Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% bovine calf serum (BCS), 100 U/mL penicillin, and 100 
μg/mL streptomycin) at 37°C in 5% CO2. Approximately every three days the cells were 
passaged to ensure proper cell growth through 0.025% trypsin-EDTA detachment and 
subculturing at 2.7 × 103 cells/cm2.  
o 
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3.2.5 Cell Viability. Cytotoxicity of all materials synthesized was determined using MTT assays. 
This assay operates by converting a yellow tetrazole (MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to a purple formazan in the mitochondria of living cells. During 
passaging NIH/3T3 cells were seeded at 125,000 cells/cm2 in 24-well plates (KSE Scientific). 
Prior to this the wells were coated with 0.05% solutions of the modified PLR samples by 
incubating 200µL/well at 37°C for one hour and were washed twice with sterile PBS. After 24 
hours, the supernatant was removed from each well to be assayed.  500µL of media were then 
added to each well along with 50 µL of an MTT solution (5mg/mL in DI water). After 
incubation for 2 h at 37°C, 425 µL of media were removed from each well and 500µL of 
dimethyl sulfoxide (DMSO) were added to dissolve the purple formazan crystals. The 
absorbance was read at 540 nm with a reference at 690 nm with a BioTek Synergy HT 
Multidetection Microplate Reader. Positive controls of cells in the absence of any PLR were 
used to normalize all samples. Negative controls containing media and PLR were also done. All 
experiments were done in quadruplicate. Results were expressed as the mean value ± standard 
error of the mean normalized to the positive control. 
3.2.6 Measurement of VEGF Production. Secretion levels of VEGF in cell culture supernatant 
were measured using ELISA assays. 96 well ELISA plates (eBioscience Inc.) were coated with 
100 μl/well of polyclonal goat anti-VEGF164 antibody (R&D Systems; AF 493 NA) at 0.6 μg/mL 
diluted in PBS and incubated for 12 -16 hours at room temperature (rt). Subsequently, the wells 
were washed with PBS and blocked for 1 h at rt with 200 μl of assay diluent (eBioscience Inc.). 
After washing, serial dilutions of VEGF164 standards (R&D Systems; 493-MV) and supernatant 
samples were prepared in assay diluent and incubated at rt for 12-16 hours. Plates were washed 
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and incubated for 12-16 hours at 4°C with biotinylated polyclonal goat anti-VEGF164 antibody at 
0.4 μg/mL (R&D Systems; BAF 493). After washing the plates, streptavidin/horseradish 
peroxidase  (ThermoScientific, Prod# N504, 1:1000) was added to the wells and incubated for 30 
minutes at rt. A substrate solution (tetramethylbenzidine (TMB), ThermoScientific, Prod#34029) 
was added to each well and developed for 5 minutes. The reaction was stopped with 2M H2SO4. 
Absorbance was measured at 450 nm, with a reference at 650 nm. All experiments were 
performed in quadruplicate. Results were expressed as the mean value ± standard error of the 
mean.  
3.2.7 Cell Migration. NIH/3T3 cells were seeded on coated dishes at 4,200 cells/cm2 and 
incubated overnight at 37°C in 5% CO2 to permit cell adhesion. Fresh medium with 12 mM of 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was added at the beginning of each 
experiment to buffer the solution in the absence of a CO2 environment. In a control experiment, 
cells were incubated on the surface of unmodified PLR, PLL, and uncoated petri dishes.  
Cell tracking and migration analysis: Cell migration experiments were performed using time-
lapse microscopy. Briefly, petri dishes were placed on the heating stage at 37°C and imaged 
every 5 minute for 6 hours with a 10x objective using an inverted microscope (Zeiss Axio 
Vert.A1) and digital camera (Canon EOS Rebel T3i). Tracking the motion of individual cells 
was done by marking cell centroids using ImageJ software. A minimum of 50 cells were tracked 
for each surface modification or control.  
Cell locomotion can be characterized by cell speed and persistence time. These 
parameters are calculated by fitting the mean-squared displacement to the persistent random 
walk model: 
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2 2 2 1 12 1 expD S P
P P
  = − + −  
  
  (1.18) 
where t  is time, S  is the root mean square speed of the cell population, and P  is the persistence 
of cell movement.15 Persistence describes the time period over which cell movement continues in 
the same direction. Values of mean squared displacement 2D  were calculated using the 
overlapping interval method. Pooled averages of displacements for cell paths in all replicate 
experiments were used for fitting with equation 1.16,17 Matlab was used to calculate the pooled 
average of displacements from loaded coordinates. The displacements were fit with a Levenberg-
Marquardt algorithm using Matlab.18 
3.2.8 SHG. Sample preparation: NIH/3T3 cells were cultured on glass coverslips that had been 
cleaned for 2 h in 200 mL ethanol, 50 g NaOH, and 300 mL DI water before being rinsed 
vigorously for 10 min with DI water. The glass coverslips were then placed in treated 35 X 10 
mm2 Petri dishes (Corning). Using 600 μL of 0.05% modified PLR in PBS, the coverslip was 
covered and incubated at 37°C for 1 h. Unmodified PLR, PLL, and uncoated coverslips were 
used as controls. The coverslips were rinsed twice with 1 mL of PBS. The coverslips were 
seeded with 30,000 cells/cm2 in 2 mL of CM and incubated at 37°C in 5% CO2 for 48 h. After 
fixing the cells with ice-cold methanol for 7 min and washing twice with cold PBS, the 
coverslips were mounted on a glass microscope slide with glycerin jelly (10 g gelatin, 60 mL DI 
water, 70 mL glycerin).  
Microscopy equipment and SHG experiments: The laser system is a mode-locked Ti:Sapphire 
laser (100 fs pulse width, 1 kHz repetition rate, Libra, Coherent) that produces an 800 nm 
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fundamental. The average power at the samples was controlled using a combination of a half-
wave plate and a Glan-Thompson polarizer (Thorlabs) and kept between 1-10 mW, as 
experimentally determined to be below the damage threshold of the cells. SHG signal was 
collected in the transmission mode. For this setup, an inverted microscope stand (AmScope) and 
20X Nikon Plan Fluorite objective (0.50 NA, 2.1 mm) were used to focus the beam and the SHG 
light was collected with a 40x Nikon water immersion objective (0.8 NA, 3.5 mm). The 
transmitted SHG signal was reflected by a dichroic mirror (Thorlabs) and separated from the 
fundamental beam with a short pass filter < 450nm (Thorlabs) and a 808 nm notch filter (NF-
808.0-E-25.0M, Melles Griot), before detection by an intensified CCD camera (iCCD, iStar 
334T, Andor).  
Polarization analysis of SHG signal from samples was accomplished using a Glan-
Thompson polarizer and a half-wave plate mounted on a motor driven rotational stage 
(Thorlabs). These optics were inserted before the focusing objective. The Glan-Thompson 
polarizer was used to achieve linear polarization, which was rotated with a half-wave plate.19 An 
additional polarizer was inserted into the optical path in front of the iCCD to ensure the 
polarization state of the transmitted SHG signal. Images were acquired every 10° from 0° to 350°.   
Theoretical background and image processing: A model describing SHG in collagen based on 
cylindrical symmetry, which reduces independent second-order susceptibility tensor elements to 
four tensors, was used to fit the acquired images.20–24 In our setup, the laser beam is normally 
incident on a sample x-z plane. Considering these assumptions and our configuration, the SHG 
intensity can be written as a function of polarization angle of the incident laser beam: 
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χ
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zxx
χ
χ
are second-order susceptibility tensor element ratios, eθ  and 0θ  are 
incident polarization angle and collagen fiber angle, respectively.  
SHG images of the 15 samples and 3 controls (PLL, unmodified PLR, and uncoated 
coverslips) were obtained using the software package provided with the iCCD camera (Solis, 
Andor). Final images were acquired by averaging at least 15 images for each polarization angle. 
A portion of the image processing was done using ImageJ software. A small background, likely 
due to the ambient light noise, was subtracted from all images. After background subtraction, 
images were filtered using a median noise filter (3x3) to attenuate the salt and pepper noise in 
SHG images. Matlab was used to determine the deposited collagen orientation angle and tensor 
susceptibilities for every region of interest (ROI) by fitting equation 2 with the Levenberg-
Marquardt algorithm.18 Images were binned to obtain 4x4 pixel areas (i.e. 4x4 ROIs) and Matlab 
was used to determine the mean signal intensity per pixel and per ROI. Photon counts below 5 
counts per pixel were excluded from analysis, which was found to be below the limit of detection 
for this setup. The Matlab script also provides the susceptibility tensor element ratios as a heat 
map image to present the spatial distribution of these parameters and orientation angle maps.  
Collagen fiber orientation was analyzed using SHG radar graphs in which SHG intensity 
was plotted as a function of incident polarization angle. SHG polarimetry profiles can be used for 
determining degree of organization of the collagen fibers secreted by fibroblast cells on different 
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polymer substrates. In the work of Yasui, Tohno, and Araki the degree of the collagen 
orientation is defined by polarization anisotropy (PA):  
 
I I
PA
I I
⊥
⊥
−
=
+


  (1.20) 
where I

 and I⊥  are SHG intensities at horizontal and vertical polarizations, respectively. For 
𝑃𝑃𝑃𝑃 = 1 𝑜𝑜𝑜𝑜 − 1or 1− collagen orientation is uniaxial, while for collagen fibers with  𝑃𝑃𝑃𝑃 = 0 
orientation is completely random.25   
Statistical analysis: The statistical significance of the mean comparisons was determined by 
ANOVA using the JMP Pro statistical software package. Pair-wise comparisons were analyzed 
with Turkey HSD. Differences were considered statistically significant for P < 0.05.  
3.2.9 Cell Staining for Fluorescent Imaging. Samples for fluorescence staining were initially 
prepared in the same way as those for SHG imaging at a seeding density of 12,500 cells/cm2. 
After 48 hours, the coverslips were rinsed twice with PBS and fixed using methanol at -20°C for 
7 minutes. After rinsing twice with ice cold PBS, the samples were blocked with 1% BSA and 
0.3% Tween-20 in PBS and incubated at rt for 1 h. The cells were stained with 1:100 α-tubulin 
rabbit mAb Alexa Fluor® 488 Conjugate (5063, Cell Signaling Technology), and incubated at 
4°C overnight in the dark. After washing 3 times with PBS for 5 minutes, the coverslips were 
incubated in 0.1 μg/mL DAPI for 2 minutes and rinsed with PBS. Then, the samples were 
mounted on microscope slides with 50 μL of glycerin jelly, sealed with clear nail polish, and 
imaged with an EVOS® FLoid® Imaging Station (Life Technologies) using the blue channel 
(excitation/emission 390/446 nm) and the green channel (482/532 nm). 
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3.2.10 Morphology Analysis. CellProfiler (Broad Institute, www.cellprofiler.org) was used to 
analyze the morphology of the adherent cells. A more detailed description on the software can be 
found at www.cellprofiler.org. This software was used to analyze the shape and morphology of 
the NIH/3T3 cells on surfaces coated with each modified PLR and control. The shape was 
analyzed using a form factor, FF: 
 24
areaFF
perimeter
p= × ×   (1.21) 
The pipeline for this analysis included four modules: IdentifyPrimaryObjects, 
IdentifySecondaryObjects, IdentifyTertiaryObjects and MeasureObjectSizeShape.  Adjustments 
were made to the threshold correction factor in the first two modules for each image set.   
3.3 Results 
 
3.3.1 Cell Viability. In order for materials to be useful in tissue engineering and wound healing 
applications, they must be cytocompatible. Shown in Figure 3.3 are percent viabilities of the 
NIH/3T3 cells cultured on each modified PLR. The percentage is a result of the viabilities being 
normalized to that of cells cultured on tissue culture polystyrene (TCPS). It was found that the 
cells were able to survive on these samples at 70% or better, which indicates that the materials 
synthesized here are not cytotoxic.  
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Figure 3.3 Viability of NIH/3T3 cells is not affected by modified PLR samples. Cells were 
adhered to modified PLR substrates. The control samples are PLR and PLL.  All experiments 
were done in quadruplicate. Results are expressed as the mean value ± standard deviation. 
3.3.2 Polymer synthesis and Characterization. After synthesis, the modification of each PLR 
sample was confirmed using 1H NMR (Figure 3.2). In comparing spectra, additional peaks were 
found near 1.8, 3.5, and 3.8 ppm for each modified PLR. Primary amines typically appear in the 
region of 1 – 3 ppm, depending on H-bonding. The 1.8 ppm shift is assigned to the primary 
amine formed during the amidine reacting with the carboxylic acid. Because peaks were not 
present at these chemical shifts in the spectra of the amidine derivative reacted with PLR, it was 
determined that they were a result of the formation of amide bonds in EDC coupling reactions. 
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Protons associated with imidazole show shifts in the range of 7 – 8.4 ppm, which were not 
observed the 1H NMR spectra. 
Measuring water contact angles is an important surface characterization method for 
polymers as it gives information pertaining to the hydrophobicity of the material. Some 
correlations have found between wettability and protein adsorption strength leading to 
differences in cell migration and morphology.26,27 This is to be expected as cells migrate using 
lamellipodia or filopodia, which are developed by actin polymerization and stabilized by 
adherence of transmembrane receptors to the extracellular matrix (ECM) in vivo.28 In the 
presence of biomaterials, cells may not be able to migrate in the same manner if the substrate is 
not chemically or physically similar to the ECM and does not allow for binding of 
transmembrane receptors. Morphology of cells on substrates is also dependent on transmembrane 
receptors and the ability of cells to rearrange attachment sites. If cells cannot detach and move an 
attachment site, they will remain spread out and unable to migrate as well, as is the case on 
materials with higher surface energy, increased wettability, lower amine content, and increased 
material stiffness.29,30 
Water contact angles and corresponding standard deviations are shown for each modified 
PLR sample in Table 3.1. The angle of 24o for a control glass coverslip closely matched other 
literature values for silicon dioxide.31 With the highest angle measuring at 69°, this data indicates 
that all samples are reasonably hydrophilic. Although none of the samples are as hydrophilic as 
the control, modifications 4, 5, 7, 9 and PLL were the most hydrophilic with water contact angles 
between 34o and 38o which is in the conditionally non-adhesive region, as defined by Vogler and 
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Saltzman.26 3, 11, and 12 were the most hydrophobic with angles greater than 55o, falling in the 
adhesive region. The remaining modifications were moderately hydrophilic with angles ranging 
from 41o -53o.  
Table 3.1 Water contact angle measurements. Values are reported as the mean value ± standard 
deviation.   
Samples 
Water Contact 
 Angle 
Standard 
Deviation 
1 41.55 4.51 
2 47.21 3.28 
3 56.40 4.25 
4 34.95 4.10 
5 38.02 2.90 
6 53.83 3.22 
7 37.20 2.07 
8 53.42 1.12 
9 38.84 2.34 
10 41.38 2.09 
11 62.64 2.91 
12 69.03 3.56 
13 41.28 3.87 
14 49.79 3.77 
ARG 41.09 1.51 
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3.3.3 Migration. The ability of cells to attach and migrate through the ECM plays a crucial role 
in homeostasis, tissue development, and wound healing.27,32 Cell adhesion receptors link to 
adhesion ligands to provide traction and signal for locomotion.33 Cell migration on solid 
substrates occurs by an amoeboid movement involving a sequence of cell protrusions and 
retractions using actin filaments.34 For implanted biomaterials rapid healing is vital for a 
successful outcome. Increasing cell migration speed can significantly promote healing process 
during implantation.30 This makes it necessary to understand the way cells interact with synthetic 
surfaces when designing materials for wound healing and tissue engineering applications.35 We 
examined the effect of amidine based surface modifications on the migration behavior of 
fibroblast cells. The persistence of directionality and cell migration speed results are shown in 
Figure 3.4. Modification 3, 10, 13 significantly increased directionality of cell migration 
compared to TCPS. Cells also showed maximum migration rates on dishes coated with 
modification 3. Fibroblast cells also migrated faster on modifications 8 and 5. 4, 7, 9, 12, 14, 
PLL and 15 only slightly affected migration rate, while decreasing persistence. Modification 2 
inhibited the migration of fibroblast cells without any change in persistence compared to a plastic 
dish. The degree of migration of cells on other modifications 1, 6, 11, 13, PLR was 
approximately the same, with 13 having higher persistence of directionality. Overall, the 
PLL 46.12 3.68 
PLR 35.03 3.58 
Glass 
Coverslip 
24.46 3.68 
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persistence varied from ~15 to 120 minutes and the speed ranged from 0.11 to 0.23 μm/min. 
Cells cultured on TCPS were in the middle of these regions with a P of 60 min and an S of 0.18 
μm/min. This compares well with other literature values of ~ 0.2 μm/hr for NIH/3T3 cells,36 ~ 
0.17 μm/hr for primary fibroblasts,37 directional persistence ~ 40 min for secondary fibroblasts.38 
 
Figure 3.4 Persistence time and speed of NIH/3T3 cells are not affected by PLR substrates. 
Mean speeds and persistence times are reported for cells (n≥50) migrating on PLR modified 
substrates. Error bars represent the 95% confidence interval based on the standard error of the 
mean. 
3.3.4 VEGF Secretion. VEGF is a key component in angiogenesis, epithelization, and collagen 
deposition, which are all a part of the wound healing process.39 VEGF has prominent 
applications in localized angiogenesis for therapeutic purposes, for example, promoting 
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neovascularization in ischemic regions.40 Ennet et al. reported VEGF expression concentration 
up to 10 ng/mL at the implanted site and significant up-regulation of local angiogenesis in vivo.41 
The VEGF concentration required to initiate normal neovascularization without undesired 
vascularization ranges from approximately 5 to 70 ng/106 cell/day.42 These concentrations of 
VEGF were produced by primary myoblasts.    
VEGF production by fibroblast cells in response to modified surfaces and controls were 
also evaluated (Figure 3.5). All three controls PLR, PLL and TCPS showed similar levels of 
VEGF expression (~ 1.10 ng/106 cell). Surfaces with 4, 6 and 15 modifications significantly 
increased the expression of VEGF compared to all controls (p<0.001). Modification 6 elevated 
VEGF release ~3 fold in comparison to controls, while 4 and 15 showed ~ 2 fold increase. 
Modification 3 up regulated VEGF expressions compared to PLR and PC. The remaining 
modifications did not significantly affect VEGF expression; however, there was a difference in 
expression when comparing the functional groups to other modifications. For example, culturing 
cells on 1, 2, 5 and 7 led to the increase of VEGF compared to 10, 11, 13 (p<0.05).  
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Figure 3.5 PLR substrates alter VEGF secretion by fibroblasts. VEGF expressions are 
normalized to the number of viable cells. Error bars represent the 95% confidence interval based 
on the standard deviation. (*) indicates p<0.05 compared with PC by pairwise comparison and 
(**) p<0.05 compared with other samples by pairwise comparison. 
3.3.5 Cell Morphology. Most cell types require adhesion to a surface for viability and growth.32 
Thus, adhesion typically precedes cell spreading, migration and ultimately cell function.26 Cell 
morphology is thought to impact biomaterial integration and wound healing, as normal cell 
morphology is typically indicative of proper cell adhesion leading to cell function and 
biocompatibility.27 For this reason, cell morphology is measured here in response to different 
amidine derivative surfaces. The staining images (Figure 3.6) produced a spectrum of cell 
morphologies that qualitatively fit into three categories. Cells cultured on modifications 1, 6, 13, 
14, 15 and PLL, were similar to the cells cultured on the glass coverslip, mostly rounded and 
*p<0.0001 significantly different from PC **p<0.0001  
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collapsed so that very little cytoplasm was visible in the images. There were only a few 
elongated cells on each of the samples imaged for these modifications. Cells cultured on a 
second group of modifications, 8, 11, 5, 9, 3, and 4 exhibited an elongated and linear fashion. 
When cultured on modifications 2, 7, 10, 12, and PLR, the majority of cells were spread out in 
an unrestricted manor, taking on more triangular or boxed shapes. 
 
Figure 3.6 Fibroblast morphology is altered by PLR substrates. Representative images of 
fibroblasts morphology in response to different surfaces of modified PLRs. Images are arranged 
to show the spectrum of FF values and morphology found.  Green is α-tubulin rabbit mAb Alexa 
Fluor® 488 Conjugate and blue is DAPI.  The scale bar represents 100μm. 
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Quantitative analysis of the images was achieved using CellProfiler analysis software. The form 
factor (Table 3.2), which was calculated for the cells cultured on each modified PLR using 
equation (4), where a value of 1 would indicate a perfectly circular object, was used to arrange 
the images in Figure 3.6 in a spectrum based on their shape.  
Table 3.2 Mode FF values for each sample along with the variance and skewness of the 
corresponding histograms 
Samples Mode Variance Skewness 
1 0.1016 0.0121 4.041 
2 0.0387 0.1110 5.442 
3 0.0713 0.0262 3.223 
4 0.0580 0.0125 4.6540 
5 0.0769 0.0088 5.242 
6 0.0895 0.0121 4.325 
7 0.0472 0.0195 3.700 
8 0.0865 0.0136 4.126 
9 0.0731 0.0077 5.132 
10 0.0546 0.0160 4.665 
11 0.0851 0.0084 5.816 
12 0.0542 0.0264 3.195 
13 0.1062 0.0093 5.031 
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14 0.0971 0.0092 5.177 
ARG 0.0899 0.0109 4.849 
PLL 0.1072 0.0085 4.478 
PLR 0.0570 0.0180 3.584 
Glass 
Coverslip 
0.0967 0.0246 2.986 
 
Histograms (Figure 3.7) were developed to show the percent of cells portraying each FF value 
and used to determine each mode FF. These values along with the variance and skewness of each 
histogram are reported in Table 2. Based on these values, modifications 2, 4, 7, 10, 12, and PLR 
showed a large decrease in the form factor when compared to the glass coverslip indicating that 
the cells cultured on these samples were more spread out, not circular, with a larger perimeter. 
There was only a moderate shift in this value from the control for modifications 3, 5, 6, 8, 9, 11, 
and 15, which had form factors between 0.07 and 0.09. Lastly, 1, 13, 14, and PLL produced 
values very similar to that of the control.  
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Figure 3.7 Quantitative measurements of fibroblast morphology cultured on PLR substrates. 
Histograms of FF values for each sample (red) plotted with that of cells cultured on a glass 
coverslip (black).  The y-axis represents the percent of cells (n>750) on each sample that were 
determined to have each FF value. 
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3.3.6 SHG Polarization Anisotropy. Self-assembly of collagen plays an essential role in the 
tissue repair and growth,25 making determinations of the orientation angle of deposited collagen 
necessary when designing tissue-engineering constructs. It has been shown that the amount of 
collagen produced by fibroblasts depends on surface chemistry of the material in vitro.43 
Collagen deposited on the biomaterial surface and its orientation can dictate successful outcome 
of implanted device. A thin and well-oriented collagen capsule around the implant has low 
vascular density and can hinder the function of encapsulated cells for tissue engineering 
applications or for artificial organs.44 Images obtained from SHG are shown in Figure 3.8. 
Polarimetry profiles of SHG as radar graphs show the collagen angle distribution (Figure 3.9).  
 
 
 
 
 
 
 
 
Figure 3.8 SHG emanates from collagen secreted by fibroblasts cultured on modified PLR 
substrates. Representative SHG images of collagen secreted by fibroblast samples on different 
surfaces of modified PLRs. SHG in blue pseudocolor, scale bar 25μm. 
Oval polarimetry profiles for modifications 2, 3, 4, 7, 9, 12, 13, 14, 15 and PLR indicate 
isotropic orientation of the collagen fibers with SHG intensity being equal for all polarization 
angles (0.01<PA<0.08). Modifications 1, 10, and 11 show slightly higher ordering in collagen 
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orientation, with the PA values very closely resembling the cells cultured on coverslips (Table 
3.3 (0.11<PA<0.17)). Modification 6 and PLL had extremely round polarimetry profiles with the 
lowest PA values among all samples (PA < 0.006). On the other hand, modifications 5 and 8 
showed the highest degree of collagen orientation with PA values of 0.219 and 0.335, 
respectively. In examining the profiles in Figure 3.9, modification 5 appears to have four-fold 
symmetry. Several other materials appear to be oriented along the 135° line (8 and 10). This 
illustrates the ability for polymers to control the orientation of deposited collagen, a result that 
has never previously been seen. 
 
 
 
 
 
 
 
 
Figure 3.9 Modified PLR substrates cause fibroblasts to secrete collagen fibers with different 
orientation angles. SHG polarimetry profiles for fibroblast cells on different modified PLR 
surfaces. Y scale corresponds to SHG intensity in arbitrary units and the azimuthal angles 
correspond to polarization angles. Arrows are a guide to the eye for the major axes of the 
collagen fiber orientation 
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Table 3.3 Polarization anisotropy values for fibroblast cells on each modified PLR sample. 
Values are reported as the mean value ± standard deviation 
Samples Polarization anisotropy 
1 0.1211 ± 0.0144 
2 0.0331 ± 0.0046 
3 0.0129 ± 0.0014 
4 0.0630 ± 0.0164 
5 0.2192 ± 0.0999 
6 0.0030 ± 0.0004 
7 0.0821 ± 0.0136 
8 0.3357 ± 0.0702 
9 0.0705 ± 0.0200 
10 0.1587 ± 0.0358 
11 0.1126 ± 0.0392 
12 0.0755 ± 0.0154 
13 0.0131 ± 0.0007 
14 0.0406 ± 0.0086 
ARG 0.0534 ± 0.0025 
PLL 0.0058 ± 0.0007 
PLR 0.0656 ± 0.0047 
Glass 
Coverslip 
0.1720 ± 0.0276 
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3.4 Discussion 
 
As previously mentioned, the attachment of cells to a surface is necessary for 
proliferation and functionality.32 In the body, this surface is the ECM. In cell culture, almost any 
surface could provide the mechanical stability necessary for cellular attachment, ergo differences 
in cell behavior in response to materials must be due to the physiochemical properties.32 A 
plethora of work has examined which chemical groups and physical properties of the surface 
affect different cell behaviors.1,29,45–47 Some work has shown hydrophobicity to be important in 
cell proliferation rate, adhesion, and collagen synthesis, with peaks in all three around water 
contact angles of 70°.26,48 In this work, it was determined that hydrophobicity impacts cell 
morphology in a similar way. FF, a measure of morphology, indicates adhesion,45 where lower 
values would indicate spread out morphologies that are better adhered to the surfaces. It was 
found that FF reached a minimum at water contact angles between 34° and 48°, and again for 
more hydrophobic surfaces. There was low adhesion for some water contact angles between 41° 
and 53° (Figure 3.10). Taken together, this means that very different cell adhesion can result 
from materials with similar water contact angles. Hydrophilicity is not the only factor 
influencing cell adhesion since polymers with similar water contact angle exhibited similar cell 
morphologies. Other studies have found that positively charged functional groups contribute to 
better cell attachment.45 Yet another group examined the effect of material roughness on cell 
adhesion, finding that an increase in roughness positively impacted attachment of fibroblasts.47  
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Figure 3.10 Empirically derived correlations between FF and water contact angles. 
The impact of different physiochemical properties on cell adhesion, migration, and 
proliferation is of great interest for biomedical applications. As mentioned above, many different 
parameters are important in engineering fibroblast function for wound healing and medical 
device implantation, such as the orientation of collagen deposition and VEGF production. Thin 
and well oriented collagen is associated with scar tissue and in device implantation can hinder 
proper function due to low vascular density.9,25 This is also why VEGF is instrumental in 
angiogenesis.39 Discussed below are some of the ways hydrophobicity and chemical structure 
impact each of these factors, as well as how these cellular functions correlate with one another.   
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During the final stage of the foreign body response to implanted biomaterials collagen is 
deposited to form a fibrous capsule with unidirectional collagen fibers.44,49 Our results 
demonstrate that functional groups are able to affect collagen fiber orientation, as deposited by 
fibroblast cells. Previously, collagen alignment was attributed to collagen molecule interaction 
with hydrophobic/hydrophilic surfaces,50 to traction forces generated by cell movement,51 or to 
the orientation of the cell layer.52 Our results do not show a dependence of collagen orientation 
on the hydrophobicity of the surface, which might be due to the narrow range of hydrophilicity 
of our samples. Modifications with further spread out morphologies have low degree of collagen 
orientation. For example, PLL and modification 6 exhibited compact cell morphologies with 
extremely isotropic collagen orientation angles, while modifications 8 and 5 deposit collagen 
with the highest degree of order in our experimental set show moderate spreading. This 
observation might be due to the fact that initial cell adhesion can dictate collagen fiber 
orientation,52 suggesting that optimal substrate material interactions with the cell can lead to 
more organized collagen orientation.  
Certain pairs of amidine derivatives have the same structure but vary in chain length, 
such as 7 and 14, or 2 and 15. Others vary only in the addition of a carbonyl, acetyl, or amine 
group. Several of these trends exist, allowing for the examination of structure-function 
relationships between functional groups and cell morphology (Figure 3.11). 
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Figure 3.11 Flow chart to illustrate trends in structure-function relationships.  Comparing 
FF values, PA values and functional group structures 
A decrease in PA with a decrease in chain length is observed between modifications 7 
and 14 that both have urea end groups as well as between 15 and 2 with guanidine groups. This 
suggests a dependency of collagen fiber orientation on chain length of the amidine derivatives. 
The influence of structure on collagen deposition can also be noticed with a decrease in PA when 
moving from modification 14 to 2 or 7 to 15, a urea to guanidine transition. The removal of an 
amine group seems to have an additive effect on PA when combined with a transition from urea 
to guanidine.  This can be seen when comparing the transitions 14 to 3, and 2 to 3.  14 to 3 
 
 
 
70 
 
involves removal of an amine and changing a urea to a guanidine, which results in a larger 
decrease in PA compared to the 14 to 2 transition.  At the same time, the lone addition of an 
amine group between modifications 2 and 3 causes only a small decrease in PA.  Comparing 
modification 9 to 13, reduction of amide to amine, there is a large decrease in PA. Between 
modifications 8 and 12 there is a reduction of a secondary alcohol to an amine, which also causes 
a large decrease in PA.  Taken with the PA value for modification 3, this indicates that the 
position of the amine group may be important in collagen fiber orientation. Modifications 6 and 
11 have similar structures, but both reduction of the secondary alcohol and acetylation take place 
resulting in a very significant increase in PA. There are other pairs of amidine derivatives that 
have similarities in structure, but only one pair is not enough to draw any definitive conclusions. 
While there are some patterns discussed above, the general lack of a predictive nature in 
chemical functional groups illustrates the need for examining large libraries of compounds.  
 When analyzing the migration data there does not seem to be a complete trend between 
the speed or persistence of cells and the form factor or anisotropy of collagen fibers when they 
are cultured on each of the modified PLRs. Several regions in Figure 3.4 that show similarities in 
water contact angle. For example, 1, 2, 13, and PLR, all show lower water contact angles on the 
volcano plot, and move at the slowest speeds. In contrast, 3 and 8 are considerably more 
hydrophobic with greater speeds in comparison to other samples. This suggests that the 
hydrophobicity of a material does have a specific impact on the migration of cells, but not one 
that an easily identifiable trend as this is not consistent across all modifications.    
 Another parameter that can be controlled by substrate-cell interactions is VEGF 
secretion. A range between 0.637 ng/106 cell to 3.25 ng/106 cell was found. Using materials to 
 
 
 
71 
 
control VEGF secretion, rather than or in addition to controlled release, remains a largely 
unexplored avenue. This work clearly demonstrates the ability of material interactions with 
fibroblasts to induce such an effect. Interestingly, modifications 15 and 6 secrete 2 and 3 times 
the amount of VEGF compared to the control sample and induces very isotropic collagen fiber 
orientations.  
3.5 Conclusion  
The data presented here shows important progress in the ability to tune cellular responses 
through biomaterials. This feature was exemplified through the large variation of VEGF 
secretion, collagen fiber orientation, cell migration, and cell morphology. These findings 
demonstrate the extremely promising avenues for future work in tissue engineering and wound 
healing. Additionally, this work illustrates the need for additional studies in structure/function 
relationships to build predictive models for biomaterials used in biomedical applications. 
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CHAPTER 4  
EFFECT OF POLARIZED LIGHT ON COLLAGEN ORIENTATION SECRETED BY 
FIBROBLAST CELLS 
 
Recent studies have demonstrated beneficial effect of low power laser and polarized light 
on wound healing, inflammation and treatment of rheumatologic and neurologic disorders. Real 
effect of laser irradiation treatment is still controversial due to the lack of studies in the 
biochemical mechanisms and particular parameters of the incident light that should be chosen for 
particular application. Here, we study how fibroblasts respond to irradiation with linearly 
polarized light at different polarization angles. In particular, we examined vascular endothelial 
growth factor (VEGF) secretion, differentiation to myofibroblasts, and collagen organization in 
response to 800nm polarized light at different angles with power density 40mW/cm2.  The data 
presented here shows that polarization angle can upregulate VEGF production for 0˚ and 125˚ 
polarization angle, myofibroblast differentiation and induce different collagen organization, 
leading to more organized collagen fibers. These results are encouraging and demonstrate 
possible ways of controlling cell response with polarization angle which can have great potential 
in the laser treatment of wounds. 
4.1 Introduction 
Wound healing is a complex and dynamic biological process that is activated at the site 
of injury. After the injury, several overlapping biological pathways become activated. These 
pathways are generally categorized in four stages: coagulation, inflammation, proliferation, and 
remodeling1,2,3. In adult humans, the wound healing process usually results in the formation of 
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non-functional fibrotic tissue, commonly referred to as a scar. In the first stage of wound healing 
a clot consisting of a fibrin matrix and platelets is formed to prevent blood and fluid loss. During 
inflammation different cell types are recruited to the wound site starting with neutrophils and 
macrophages. After removing the necrotic tissue and debris by secreting pro-inflammatory 
cytokines such as tumor necrosis factor-α (TNF-α) and reactive oxygen species (ROS), 
macrophages begin producing anti-inflammatory cytokines such as interleukin-10 (IL-10) and 
growth factors including transforming growth factor-α (TGF-α) to initiate the remodeling. 
healing process. New blood vessels form to sustain fibroblast cell proliferation. At this stage 
fibroblasts migrate to the wound site producing collagen to replace fibrin matrix and 
differentiating into myofibroblasts. Myofibroblasts contract the collagen matrix, bringing wound 
edges together. During the final stage – remodeling – the collagen matrix is remodeled from 
collagen type III to collagen type I which will be the dominant type in the newly formed scar 4. 
Remodeled tissue reaches only 80% of the original tissue strength3. Collagen fiber organization 
plays a vital role in regaining the strength of the unwounded tissue and forming fibrotic mass. It 
has been demonstrated that well-aligned collagen fibers are associated with scar tissue while 
unwounded tissue collagen has an isotropic fiber orientation5. 
Since 1971 when Endre Mester first discovered the beneficial effects of laser irradiation 
on wound healing in mice6, low-energy laser irradiation has become an attractive technique in 
various therapeutic procedures such as reducing inflammation7, promoting wound healing8,9, 
relieving chronic joint disorders10, and abating the progression of threatening neurological 
disorders11. In vitro studies have shown a stimulating effect of laser treatment in wound healing 
processes and angiogenesis through increase of vascular endothelial growth factor secretion by 
 
 
 
79 
 
smooth muscle cells and fibroblasts and proliferation of human endothelial cells12. It was also 
shown that polarized light can be a key factor in wound treatment, triggering cellular and 
humoral defense processes13. Low-level refers to the low energy density of the incident beam, 
typically < 50mW/cm2 14. At this level laser irradiation is safe and does not heat or hamr the 
tissues7. There is no established precise biological mechanism explaining the therapeutic effect 
of low-level laser irradiation. It is thought that laser light affects the mitochondria, in particular a 
chromophore in the irradiated cell absorbs incident photons leading to biostimulation or 
photobiomodulation that can cause electrons to excite from the ground state to higher energy 
states and store energy that can be used by the cell15,7. It was found that cytochrome c oxidase is 
a chormophore responsible for absorption of red and near infrared light and leads to the increase 
of adenosine triphosphate (ATP) production responsible for chemical energy transport in the 
cell16, elevated electron transport17, and modulation of ROS18. All these factors can lead to the 
upregulation of certain genes affecting cell viability, proliferation19, migration20, and the release 
of pro-angiogenic cytokines and growth factors12,21.    
Even though there is a plethora of evidence illustrating the beneficial effect of laser 
irradiation on individual cells, the therapeutic benefit of use in the clinic remains a grey area due 
to the lack of studies in the biochemical mechanisms and particular parameters of the incident 
light should be chosen for particular application22. Coherence, wavelength, power density, 
polarization, and treatment duration can all affect outcome of the therapy and should be tailored 
for each case23,24,25. Choice of wavelength is determined by the absorption peaks of the particular 
chromophore. Cytochrome c oxidase absorbs in the range of 600-1000 nm7,16. Results show that 
the polarization state of the incident light can also play important role in the wound healing 
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process13,26,27. Luiz et al. showed an increase in collagen deposition with random distribution and 
an increase number of myofibroblasts in vivo14. According to Fenyö et al., the polar heads of the 
lipid bilayer of the cell membrane interact with linearly polarized light and a redistribution of 
polar heads can affect the cell’s functions, immune response, and enzyme reactions28.  
Collagen organization and structure plays an essential role in the wound healing process 
and scarring29. Low power laser irradiation has a beneficial effect on wound healing and collagen 
density30,31,32. The ability to control collagen orientation with polarized light can promote faster 
wound healing and reduce scarring. Here, we aim to investigate how fibroblasts respond to 
irradiation with linearly polarized light at different polarization angles. In particular, we study 
vascular endothelial growth factor (VEGF) secretion, differentiation to myofibroblasts, and 
collagen organization.   
4.2 Methods 
4.2.1 Cell Culture. The mouse embryo fibroblast cell line NIH/3T3 (American Type Cell 
Collection, ATCC, Manassas, VA) was cultured in complete media (CM, Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% bovine calf serum (BCS), 100 U/mL 
penicillin, and 100 μg/mL streptomycin) at 37°C in 5% CO2. Cells were passaged every three 
days through 0.025% trypsin-EDTA detachment and subcultured at 2.7 × 103 cells/cm2. 
4.2.2 Microscopy Equipment for Irradiation Experiments. The laser system is a mode-locked 
Ti:Sapphire laser (100 fs pulse width, 1 kHz repetition rate, Libra, Coherent, Santa Clara, CA) 
that produces an 800 nm fundamental. The average power at the samples was controlled using a 
combination of a half-wave plate and a Glan-Thompson polarizer (Thorlabs, Newton, NJ) and 
fixed at 40mW/cm2 for the irradiation portion of the experiment16. The polarization angle of the 
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incident laser beam was achieved using a Glan-Thompson polarizer and a half-wave plate 
(Thorlabs Newton, NJ). Glass coverslips were cleaned for 2 h in 200 mL ethanol, 50 g NaOH, 
and 300 mL and rinsed for 10 min with DI water. NIH/3T3 cells were cultured on the glass 
coverslips at 12,000 cells/cm2 in 2 mL of CM and incubated at 37°C in 5% CO2 overnight to let 
cells adhere to the coverslip surface. Cells were irradiated at 0°, 45°, 90°, or 125° for 6 minutes for 
6 consecutive days13. A control sample was not irradiated. 
4.2.3 Cell Viability. Viability of the cells after laser irradiation was determined using MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. Fibroblast cells were 
seeded at 50,000 cells/cm2 in 24-well plates (Biofil). After overnight incubation cells were 
irradiated at 4 different polarization angles for 6 minutes for 6 consecutive days at 40mW/cm2. 
After 6 days the supernatant was collected from each well. 50 µL of a MTT solution (5 mg/mL in 
DI water) and 500 µL of media were added to the wells and incubated for two hours at 37°C.  
Then 425 µL of media was aspirated. The crystalline deposits were dissolved using 500 µL of 
dimethyl sulfoxide (DMSO). Absorbance of cells at 540 nm was measured, with a reference at 
690 nm (BioTek Synergy HT Multidetection Microplate Reader). Positive controls of cells 
without any laser treatment were used to normalize samples. Negative controls without cells 
were also conducted. All experiments were done in quadruplicate. Results were expressed as the 
mean value ± standard error of the mean normalized to the positive control. 
4.2.4 Measurement of VEGF Production. Enzyme linked immunosorbant assays (ELISAs) ere 
used for measuring VEGF secretion. 96 well ELISA plates (eBioscience Inc., San Diego, CA) 
were coated with 100 μl/well of polyclonal goat anti-VEGF164 (R&D Systems; AF 493 NA, 
Minneapolis, MN) at 0.6 μg/mL diluted in phosphate buffered saline (PBS) and incubated for 12-
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16 hours at room temperature (rt). Subsequently, the wells were washed with PBS and blocked 
for 1 h at rt with 200 μl of assay diluent (eBioscience Inc. , San Diego, CA). After washing, 
serial dilutions of VEGF164 standards (R&D Systems; 493-MV) and supernatant samples were 
prepared in assay diluent and incubated at rt for 12-16 hours. Plates were washed with PBS and 
incubated for 12-16 hours at 4°C with biotinylated polyclonal goat anti-VEGF164 at 0.4 μg/mL 
(R&D Systems; BAF 493). After washing the plates with PBS, streptavidin/horseradish 
peroxidase (ThermoScientific, Prod# N504, 1:1000, Waltham, MA) was added to the wells and 
incubated for 30 minutes at rt. A substrate solution (tetramethylbenzidine (TMB), 
ThermoScientific, Prod#34029, Waltham, MA) was added to each well and developed for 5 
minutes. The reaction was stopped with 2M H2SO4. Absorbance was measured at 450 nm, with a 
reference at 650 nm using the plate reader mentioned above. All experiments were performed in 
quadruplicate. Results were expressed as the mean value ± standard error of the mean.  
4.2.5 SHG. Sample preparation. Glass coverslips were cleaned for 2 h in 200 mL ethanol, 50 g 
NaOH, and 300 mL and rinsed for 10 min with DI water. NIH/3T3 cells were cultured on glass 
coverslips at 12,000 cells/cm2 in 2 mL of CM and incubated at 37°C in 5% CO2 overnight to 
allow the cells to adhere to the coverslip surface. The coverslips with cells were irradiated with 
laser at 4 different polarization angles for 6 minutes for 6 consecutive days at 40mW/cm2. After 
6 days, cells were fixed with ice-cold methanol for 7 min, washed twice with phosphate buffered 
saline and the coverslips were mounted on another glass coverslips with glycerin jelly (10 g 
gelatin, 60 mL DI water, 70 mL glycerin).  
Microscopy equipment for SHG experiments. For SHG experiments average power was kept 
between 1-10 mW to avoid cell damage. SHG signal was collected in the transmission mode. For 
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this setup, an inverted microscope stand (AmScope, Irvine, CA) and 20X Nikon Plan Fluorite 
objective (0.50 NA, 2.1 mm) were used to focus the beam and the SHG light was collected with 
a 40x Nikon water immersion objective (0.8 NA, 3.5 mm). The transmitted SHG signal was 
reflected by a dichroic mirror (Thorlabs Newton, NJ) and separated from the fundamental beam 
with a short pass filter < 450nm (Thorlabs Newton, NJ) and 808 nm notch filter (NF-808.0-E-
25.0M, Melles Griot, Rochester, NY), before detection by an intensified CCD camera (iCCD, 
iStar 334T, Andor, Belfast, UK).  For polarization resolved SHG techniques a Glan-Thompson 
polarizer and a half-wave plate mounted on a motor driven rotational stage (Thorlabs Newton, 
NJ) were used to achieve linear polarization.  Images were collected every 10° from 0° to 350°.   
Theoretical background and image processing. The SHG intensity of collagen as a function of 
polarization angle of the incident laser beam can be written as:  
  𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑐𝑐 ∙  ��𝑠𝑠𝑠𝑠𝑠𝑠2(𝜃𝜃𝑒𝑒 −  𝜃𝜃𝑜𝑜) + �𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧� 𝑐𝑐𝑜𝑜𝑠𝑠2(𝜃𝜃𝑒𝑒 − 𝜃𝜃𝑜𝑜) �2 + �𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧�2 sin2�2(𝜃𝜃𝑒𝑒 −  𝜃𝜃𝑜𝑜)�� (4.1) 
where 𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
  and  𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
 are second-order susceptibility tensor element ratios, 𝜃𝜃𝑒𝑒  and 𝜃𝜃𝑜𝑜 are incident 
polarization angle and collagen fiber angle, respectively, and c is a normalization constant33,34,35.  
SHG images of the 4 samples and 1 control (cells without irradiation) were obtained using the 
software package provided with the iCCD camera (Solis, Andor). Final images were acquired by 
averaging at least 15 images for each polarization angle. A small background, likely due to the 
ambient light noise, was subtracted from all images (ImageJ). After background subtraction, 
images were filtered using a median noise filter (3x3) to attenuate the salt and pepper noise in 
SHG images (ImageJ). Matlab was used to determine the deposited collagen orientation angle 
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and tensor susceptibilities for every region of interest (ROI) by fitting equation 1 with the 
Levenberg-Marquardt algorithm36. Images were binned to obtain 2x2 pixel areas (i.e. 2x2 ROIs) 
and Matlab was used to determine the mean signal intensity per pixel and per ROI. Photon 
counts below 5 counts per pixel were excluded from analysis, which was found to be below the 
limit of detection for this setup. The Matlab script also provides the susceptibility tensor element 
ratio histograms and angle distribution.  
Collagen fiber orientation analysis. SHG radar graphs where SHG intensity was plotted as a 
function of incident polarization angle can be used for quantifying collagen fiber organization 
secreted by fibroblast cells in response to laser irradiation at different polarization angles. 
Polarization anisotropy was used as one of the parameters of determining degree of organization 
of the collagen fibers37 and was calculated using: 
                                                                   (4.2) 
where  and I⊥  are SHG intensities at horizontal and vertical polarizations, respectively. For 
𝑃𝑃𝑃𝑃 = 1 or -1 collagen orientation is uniaxial, while for collagen fibers with  𝑃𝑃𝑃𝑃 = 0 orientation 
is completely random.   
Fourier transformation was also used for extracting shape characteristics of SHG radar graphs. 
Fourier space representation of ( , )f m n  can be expressed as follows: 
                                        1 2( , ) ( , )1 2
∞ ∞
= ∑ ∑
= −∞ = −∞
jw m jw n
F w w f m n e e
m n
   (4.3) 
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where 1w , 2w  and n , m  are period and space parameters. The fast Fourier transformation 
(FFT) algorithm was used for extracting the shape signature. Similarity measurements between 
two shapes can be expressed as: 
         
1
( )
=
= −∑
M
i j
u u
u
D A A     ( 1, 2,..., 1)= −u N    (4.4) 
Where iuA and 
i
uA are normalized amplitude of the shape i and j . D  is defined as normalization 
amplitude roughness (NAR). For 1=D  collagen orientation is uniaxial, while for collagen fibers 
with 0=D orientation is completely random38.   
The following expressions were used for calculating form factor ( FF ) and eccentricity (e ) of 
the polarimetry profiles: 
2
4p
=
AreaFF
Perimeter
,     (4.5) 
           = ae
d
        (4.6) 
Where a  is a distance between foci of the ellipse and d  its major axis length. 1=FF and 0=e
indicate perfectly circular object with collagen fibers oriented completely random.   
4.2.6 Cell Staining for Fluorescent Imaging. Samples were prepared in the same manner as 
was done for SHG at a lower density of 2400 cells/cm2 for morphology analysis and a higher 
density of 12000 cells/cm2 for assessing fibroblast to myfibroblast differentiation. After 
irradiating the samples as described above, the coverslips were rinsed twice with PBS and fixed 
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using methanol at -20°C for 7 minutes. After rinsing twice with ice cold PBS, the samples were 
blocked with 15% dry milk and 0.03% TWEEN-20 in PBS and incubated at rt for 1 h. The cells 
were stained with 1:400 anti-α-smooth muscle actin rabbit pAb (ab5694, Abcam, Cambridge, 
MA) and incubated at 4°C overnight in the dark. After washing 3 times with PBS for 5 minutes, 
the coverslips were incubated with 1:600 secondary anti-rabbit antibody Alexa Fluor® 594 
(ab150080, Abcam) overnight at 4°C in the dark. Next, cells were stained with 1:100 anti-α-
tubulin rabbit mAb Alexa Fluor® 488 Conjugate (5063, Cell Signaling Technology), and 
incubated at 4°C overnight in the dark. After washing 3 times with PBS for 5 minutes, the 
coverslips were incubated in 0.1 μg/mL DAPI for 2 minutes and rinsed with PBS. Then 
coverslips were mounted in glass slides with glycerin jelly and imaged with an EVOS® FLoid® 
Imaging Station (Life Technologies) using the blue channel (excitation/emission 390/446 nm) 
and the green channel (482/532 nm). 
4.2.7 Cell Morphology Analysis. CellProfiler (www.cellprofiler.org, Broad Institute, 
Cambridge, MA) was used for analyzing the morphology of the irradiated cells. The form factor 
was used to describe the cell shape, as defined above. The pipeline for this analysis included four 
modules: IdentifyPrimaryObjects, IdentifySecondaryObjects, IdentifyTertiaryObjects and 
MeasureObjectSizeShape.  Adjustments were made to the threshold correction factor in the first 
two modules for each image set.   
4.2.8 Fibroblast to Myofibroblast Differentiation Analysis. Cell profiler and Matlab were 
used for determining myofibroblasts population by calculating red fluorescence α-smooth muscle 
actin (α-SMA) expression per cell. 
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4.2.9 Collagen Concentration Analysis. Samples were prepared in the same manner as was 
done for SHG and fluorescent imaging at 12000 cells/cm2. After irradiating the samples as 
described above, the coverslips were rinsed twice with PBS and fixed using methanol at -20°C 
for 7 minutes. After rinsing twice with ice cold PBS, the samples were blocked with 2% BSA 
and 0.1% TWEEN-20 in PBS and incubated at rt for 1 h. The cells were stained with 1:100 goat 
polyclonal antibody against collagen type I (sc-25974, Santa Cruz Biotechnology, Dallas, Texas) 
and 1:100 rabbit polyclonal to collagen type III in 2% BSA and 0.1% TWEEN-20 in PBS and 
incubated at 4°C overnight in the dark. After washing 3 times with PBS for 5 minutes, the 
coverslips were incubated with 1:200 donkey anti-goat IgG (sc-2024, Santa Cruz Biotechnology, 
Dallas, Texas) and  1:600 secondary anti-rabbit antibody Alexa Fluor® 594 (ab150080, Abcam) 
overnight at 4°C in the dark. After washing 3 times with PBS for 5 minutes, the coverslips were 
incubated in 0.1 μg/mL DAPI for 2 minutes and rinsed with PBS. Then coverslips were mounted 
in glass slides with glycerin jelly and imaged with an EVOS® FLoid® Imaging Station (Life 
Technologies) using the blue channel (excitation/emission 390/446 nm) and the green channel 
(482/532 nm). 
4.2.10 Statistical analysis. The statistical significance of the mean comparisons was determined 
by analysis of variance t using the JMP Pro statistical software package. Pair-wise comparisons 
were analyzed with Turkey honest significant difference. Differences were considered 
statistically significant for p < 0.05.  
4.3 Results 
4.3.1 Cell Viability. First we evaluated the effect of laser irradiation on cellular viability. Figure 
4.1 shows the viability results of NIH/3T3 fibroblast cells after 6 days laser irradiation. The cells 
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were at least 90% viability for all polarization angles indicating the laser irradiation did not 
negatively impact cellular viability or proliferation. There was no statistically significant 
difference between the polarization angles or the control.    
 
Figure 4.1 Viability of NIH/3T3 cells treated with laser irradiation is similar to control cells. All 
experiments were done in quadruplicate. Results are expressed as the mean value ± standard 
deviation. 
4.3.2 VEGF Secretion. VEGF plays an important role in the wound healing process through the 
initiation of angiogenesis and collagen deposition39. VEGF secreted by NIH/3T3 fibroblast cells 
in response to low-power laser irradiation at various polarization angles was evaluated (Figure 
4.2). A high level of VEGF was observed for the fibroblast cells irradiated at 0˚ and 125˚ 
(8.047±0.599 and 8.332±0.766 ng/106 cells) and were significantly higher that control level 
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(p<0.05). However samples at 45˚ and 90˚ angles show no difference in VEGF secretion level 
compared to untreated cells. 
 
Figure 4.2 Laser irradiation does not alter the amount of VEGF secreted. VEGF expressions are 
normalized to the number of viable cells. All experiments were done in quadruplicate. Results 
are expressed as the mean value ± standard deviation. (*) indicates p<0.05 compared to control 
level and (**) compared to with other samples. 
4.3.3 Cell Morphology. Cell adhesion is vital for cellular viability and growth. It plays an 
important role in the wound healing process40 . Here we examined cell morphology to determine 
the effect of laser irradiation on cell adhesion. ICC images (Figure 4.3) show cell morphologies 
irradiated with low-power laser light at 4 polarization angles. Controls that were not irradiated 
are also shown.  
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Figure 4.3 Fibroblast morphology is different for polarization angles and control cells. 
Representative images of cell morphology for different polarization angles. Green is α-tubulin 
rabbit mAb Alexa Fluor® 488 Conjugate and blue is DAPI. The scale bar represents 100μm. 
Images were quantitatively analyzed to extract values as form factor to describe the shape of 
each individual cell with the value equal to 1 indicating perfectly circular object (Table 4.1).  
Table 4.1 Cell morphology parameters, including FF, variance and skewness. 
Samples Mode Variance Skewness 
0  0.2917 0.0042 1.91624 
45 0.2366 0.0218 4.20708 
90 0.2289 0.0097 2.96376 
125 0.2305 0.0224 5.84733 
control 0.1945 0.0236 3.26106 
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Cells irradiated at 0˚, 45˚, 90˚ and 125˚ show similar FF values, which were larger than control 
cells, indicating that cells were mostly rounded with a small cytoplasm area.  
During the injury fibroblasts differentiate to myofibroblasts in response to TGF-β and secrete a 
high amount of collagen. Myofibroblasts contract the collagen network through α-SMA41. Here 
we quantified α-SMA production as a marker of myofybroblast formation (Figure 4.4). 
 
Figure 4.4 α-SMA is used as a measure of myofybroblast population. Representative images of 
cell morphology for different polarization angles. Red is α-SMA rabbit pAb and blue is DAPI. 
The scale bar represents 100μm. 
Results show qualitative difference between samples irradiated at different polarization angles 
(Table 4.2). Fibroblast cells treated at angle 45˚ and 125˚ show significantly different 
myofibroblast density compared to control (p<0.05) with values 1.33±0.20 and 1.61±0.36, 
respectively. The lowest level of fibroblast to myofibroblast differentiation was for cells the cells 
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treated at 0˚ (0.39±0.05), while 90˚ and control show similar myofibroblast density (0.82±0.14 
and 0.75±0.14, respectively).   
Table 4.2 Myofibroblast populations were quantified as a ratio of myofibroblast number to 
nuclei multiplied by 100.  
Samples Ratio (myofibroblast/cell nuclei x 100) 
0  0.39±0.05 
45 1.33±0.20 
90 0.82±0.14 
125 1.61±0.36 
control 0.75±0.14 
 
4.3.4 Collagen orientation and density. SHG microscopy was used for assessing collagen 
organization (Figure 4.5).  
 
 
 
 
Figure 4.5 SHG images of collagen secreted by fibroblasts in response to polarized laser 
irradiation at various polarization angles. SHG in blue pseudocolor, scale bar 25μm. 
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 Polarimetry profiles were used to visualize and quantify the collagen angle distribution (Figure 
4.6). Shapes of the profiles were quantitatively analyzed using various shape descriptors: 
polarization anisotropy ( PA ), eccentricity ( e ), FFT method to obtain values for NAR ( D ) and 
form factor ( FF ) to fully describe the shapes of the profiles (Table 4.3). Comparing all shape 
parameters values e  and D show the highest sensitivity to the shape differences. While PA
shows difference across the shapes, however, due to the asymmetry of the shapes has relatively 
high error bars.   
 
Figure 4.6 A) Laser irradiation at different polarization angles causes cells to secrete collagen 
fibers with different orientation angles. Y scale corresponds to SHG intensity in arbitrary units 
and the azimuthal angles correspond to polarization angles. B) Collagen type I secretion by 
fibroblast cells from ICC. Results are expressed as the mean value ± standard deviation. (*) 
indicates p<0.05 compared to control level and (**) compared to with other samples. 
           Polarimetry profiles with defined shapes as 0˚ and 125˚ indicate higher order of collagen 
orientation with high values of e  (~0.619±0.048 and 0.610±0.145 and D  values of 0.696±0.153 
A B 
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and 0.465±0.079, respectively. While 90˚ and 45˚ also show slightly higher ordering in collagen 
orientation, with D  values 0.495±0.040 and 0.488±0.021 but with lower e  compared to 0˚ and 
125˚ with values of 0.501±0.056 and 0.368±0.014, respectively. On the other hand, control cells 
without any laser irradiation show oval polarimetry profile indicating isotropic orientation of 
collagen fibers with the lowest values for both parameters.  
Table 4.3 Shape descriptor ( D ), eccentricity ( e ), form factor FF and polarization anisotropy 
values for collagen secreted by fibroblast cells irradiated at each polarization angle. Values are 
reported as the mean value ± standard deviation 
Samples 
Shape descriptor 
( D ) 
Eccentricity      
( e ) 
Form Factor      
( FF ) 
Polarization 
Anisotropy       
( PA ) 
0  0.696±0.153 0.619±0.048 0.660±0.128 0.10637±0.023 
45 0.488±0.021 0.501±0.056 0.601±0.056 0.02905±0.001 
90 0.495±0.040 0.368±0.014 0.560±0.011 0.01042±0.009 
125 0.465±0.079 0.610±0.145 0.667±0.018 0.05150±0.039 
control 0.170±0.013 0.227±0.005 0.701±0.079 0.01849±0.006 
 
Collagen type I secretion was calculated for fibroblast cells irradiated at various polarization 
angle. It was found that only at 45˚ collagen concentration was significantly higher that control 
level (p<0.05).   
 
 
 
95 
 
4.4 Discussion 
It has been shown that laser irradiation can affect individual cells through the 
mitochondria by inducing electron transfer and therefore, affecting normal cell function42. There 
are several factors that might be involved in therapeutic effect of laser irradiation: wavelength, 
dosage and polarization. It is thought that redistribution of surface charges and changes in lipid-
protein connections were results of the interaction of linearly polarized light with the polar heads 
of lipid bilayer in cell membrane and can affect cellular processes and functions43.  
In the final stage of the wound healing process collagen fibers are deposited by fibroblast 
cells to form new tissue44. Our results show that orientation of deposited collagen can be affected 
with polarized light. Previously it was shown that specific angles of laser polarization can 
increase wound healing process45. In their study authors observed acceleration of wound healing 
for the polarization direction parallel to the spinal cord of the animal while perpendicular 
polarization moderately affected wound healing. Our evaluation of polarimetry profiles of 
collagen distribution obtained at different polarization angles did not reveal dependence on 
specific polarization angle, which can be due to the scrambling of polarized light in the culture 
media. However, there are striking difference between control cells without any treatment and 
cells irradiated with polarized light.     
At the cellular level light is absorbed by cytochrome C oxidase chromophore which leads 
to the up-regulation of ATP which responsible for energy transport in the cell and therefore, 
affect cellular functions and release of cytokine and growth factors46,47. In vivo and in vitro 
studies show stimulating effect of laser treatment in upregulating VEGF expression level48,49.  
Feng et al. showed VEGF expression increased two-fold compared to the control level for  
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vascular endothelial cells48. Our study shows possibility of controlling VEGF release by different 
polarization angles. Interestingly, cells irradiated at angles 0˚ and 125˚ with highest collagen 
orientation also show highest VEGF expression which may indicate that VEGF can  lead to more 
organized collagen fiber bundles50.  
Additionally it has been shown that low level laser irradiation and polarized light 
promotes fibroblast to myofibroblast differentiation and consequently wound contraction 22,25. 
Myofibroblast secrete high levels of collagen I and collagen III51,52. In analyzing the 
myofibroblast density across the samples it can be noticed that fibroblast differentiation 
happened the most at 125˚ polarization angle which corresponds to the highest level of VEGF 
expression and well oriented collagen organization. However, reverse effect can be seen for 0˚ 
angle where high level of VEGF resulted in low population of myofibroblast. This suggests that 
there might be more factors influencing fibroblast to myobibroblast differentiation.   
The mechanism of how low energy laser irradiation affects cell proliferation, cytokine 
and growth factors expression, and collagen deposition is not clear. There are studies showing no 
effect of laser treatment in wound healing process, inhibition of cell motility and differentiation 
at different doses and wavelengths. Therefore more research is necessary on the cellular 
mechanisms of laser treatment to resolve the controversy.  
4.5 Conclusion 
Our results show effect of polarized laser irradiation on cellular response. We have 
shown that polarization angle can induce different collagen organization, VEGF production, and 
myofibroblast differentiation. These results are encouraging and demonstrate possible ways of 
controlling cell response with polarization angle that can have great potential in the laser 
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treatment of wounds. Further studies are needed to be done to identify factors and response 
mechanisms of low level laser treatment. 
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CHAPTER 5  
SECOND HARMONIC GENERATION IMAGING FOR QUANTITATIVE 
CHARACTERIZATION OF COLLAGEN IN FIBROTIC CAPSULE   
 
Collagenous capsule formed around the implant ultimately determine the nature of its in 
vivo fate. To provide a better understanding of how fibrotic capsule formed, we assessed 
collagen organization and structure in mice injected with various polystyrene particles. Recently, 
second harmonic generation (SHG) microscopy has become powerful tool for visualizing and 
quantifying collagen assembly in tissues. Due to the non-centrosymmetric nature of collagen 
fibers, they are highly sensitive and specific to the collagen structure. Compared to traditional 
methods used for visualizing collagen fibers, SHG does not require labelling and can be used for 
imaging collagen in bulk tissues, while providing excellent collagen specificity. We demonstrate 
the ability of SHG in differentiating collagen type I and type III in tissue. Data presented in the 
work shows wide range of collagen fiber orientation and collagen composition in response to 
various materials. Some particles were able to form a collagenous matrix resembling healthy 
skin. These findings can have the potential to improve the performance of implanted medical 
devices where fibrotic capsule formation is undesirable. 
5.1 Introduction 
Implantation of biomaterials into the body triggers the foreign body response. Here, 
injured tissue attempts to stop blood loss, prevent inflammation and restore normal function. In 
the first stage, blood proteins such as albumin, fibrinogen, complement, fibronectin, vitronectin, 
γ globulin are absorbed to the biomaterial surface and a provisional matrix is formed consisting 
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predominantly from fibrin 1,2,3. Neutrophils are the first cell type to arrive to the site of the injury 
and characterize acute inflammation. Acute inflammation resovles quickly and follwed by 
chronic inflammation. During chronic inflammation monocytes/macrophages migrate to wound 
site in response to various chemokines and chemattractants such as transforming growth factor-β 
(TGF-β), platelet-derived growth factor (PDGF) and interleukin (IL-1) 4. Adherent macrophages 
on biomaterials become activated into classicaly activated macrophages (M1). The M1 
phenotype is chracterized by high level of pro-inflammatory cytokines as tumor necrosis factor-α 
(TNF- α), monocyte chemotactic protein (MCP-1) and nitric oxide 5. Over time the macrophage 
phenotype switches towards an alternative activation (M2). In response to interleukin 4 (IL-4) 
macrophages fuse into foreign body giant cells (FBGC) 6. After chronic inflammation is 
resolved, fibroblast cells infiltrate in response to growth factors and differentiate into 
myofibroblasts by TGF-β activation 7. Fibroblasts and myofibroblasts secrete collagen type I and 
III to form a fibrous capsule around the implant and contract the wound edges. The fibrous 
capsule is a dense network of coallgen fibers and can greatly reduce the performance of the 
implanted device. A thin and well-oriented collagen capsule around the implant has low vascular 
density and can hinder the function of encapsulated cells for tissue engineering applications or 
for artificial organs 8.  
In normal skin tissue collagen type I is more prevalent compared to type III. In adult skin 
the collagen type III is about 20% of the total collagen content 9.  During the wound healing 
process the type III/type I ratio increases to 90% 10. Collagen type III plays an important role in 
regulating collagen fibrillogenesis and fibril size along with the physical properties of the tissues 
11,12. It was found that a decrease in collagen type III can lead to the excessive scar formation 13. 
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The role of collagen type III during the remodeling process is not clear and there is a need to 
better understanding the wound healing mechanisms and interaction of collagen type I with type 
III 4,13,14. 
Here, second harmonic generation (SHG) imaging was used for quantitative 
characterization of collagen fiber deposited by fibroblasts. Non-centrosymmetric helical structure 
of collagen fibers allows for imaging without any labels and minimum damage. The nonlinear 
interaction of the incident laser beams with non-centrosymmetric structures leads to the 
generation of new photons with twice the energy or exactly half of the wavelength of the incident 
light 15. One of the main applications of SHG microscopy has been imaging collagen fibers and 
determining fiber organization and parameters related to the second-order nonlinear 
susceptibility. The susceptibility tensor elements are related to the material properties and 
therefore, can form the basis for contrasting different second harmonic generating molecules 16. 
We have used SHG microscopy to assess the deposited collagen through quantitative analysis of 
collagen orientation and structure.  
In this paper we investigated latex beads influence on foreign body response through 
quantifaction of collagen fiber orientation and structural inhomogeneities in the fibrotic capsule 
surrounding the particles.  
5.2 Methods 
5.2.1 Tissues Sections with Particles Preparation.  
Ethics statement. The research protocol was approved by the local animal ethics committee at 
Iowa State University (Institutional Animal Care and Use Committee) prior to initiation of the 
study. 
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Animals. 6-12 week old female SKH1-E mice were obtained from Charles River Laboratories 
(Wilmington, MA). The mice were maintained at the animal facilities of Iowa State University, 
accredited by the American Association of Laboratory Animal care, and were housed under 
standard conditions with a 12-hour light/dark cycle. Both water and food were provided ad 
libitum. 
Injections. Injections were performed in accordance with ISO 10993-6:2001. Prior to injection 
all materials were sterilized. Saline was sterilized via 0.22 μm filtration Polystyrene particles 
were sterilized by washing three times in 70% ethanol, followed by three washes in deionized 
sterile water by centrifuging at 10,000 g for 3 minutes. The particles were re-suspended to a 
concentration of 0.0625%. The mice were anesthetized via isoflurane inhalation at a 
concentration of 1-4% isoflurane/balance O2 to minimize movement. Their backs were scrubbed 
with 70% isopropyl alcohol and the animals were injected with 100 μl of 2%-w/v polystyrene 
beads in an array format on the mouse’s back. All experiments were conducted with N=5. 
Histology. Mice were euthanized via CO2 asphyxiation 28 days after subcutaneous and the 
injected biomaterials and surrounding tissue were excised. The tissues were then fixed in 10% 
formalin, embedded in paraffin, cut into 5 μm sections, and stained using Masson’s Trichrome 
stain for histological analysis. 
5.2.2 SHG.  
Collagen Gel Preparation. Collagen type I (BD Biosciences, Franklin Lakes, NJ) and collagen 
type III (Millipore, Billerica, MA) were solubilized in 20 mM acetic acid at 10 mg/mL. Collagen 
type I and III were mixed on ice with 10x phosphate buffered saline (PBS), 1M NaOH and 
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distilled H2O. Solutions with 10%, 30%, 70% and 90% of collagen type III were gelled at 37˚C 
for 1 h. All gels were 4 mg/mL.  
Microscopy equipment. The laser system is a mode-locked Ti:Sapphire laser (100 fs pulse width, 
1 kHz repetition rate, Libra, Coherent, Santa Clara, CA) that produces an 800 nm fundamental. 
The average power at the samples was controlled using a combination of a half-wave plate and a 
Glan-Thompson polarizer (Thorlabs, Newton, NJ) and power was kept between 1-10 mW to 
avoid cell damage. SHG signal was collected in the transmission mode. For this setup, an 
inverted microscope stand (AmScope, Irvine, CA) and 20X Nikon Plan Fluorite objective (0.50 
NA, 2.1 mm) were used to focus the beam and the SHG light was collected with a 40x Nikon 
water immersion objective (0.8 NA, 3.5 mm). The transmitted SHG signal was reflected by a 
dichroic mirror (Thorlabs Newton, NJ) and separated from the fundamental beam with a short 
pass filter < 450nm (Thorlabs Newton, NJ) and 808 nm notch filter (NF-808.0-E-25.0M, Melles 
Griot, Rochester, NY), before detection by an intensified CCD camera (iCCD, iStar 334T, 
Andor, Belfast, UK). For polarization resolved SHG techniques a Glan-Thompson polarizer and 
a half-wave plate mounted on a motor driven rotational stage (Thorlabs Newton, NJ) were used 
to achieve linear polarization. Images of collagen gels and tissue sections were collected every 
10° from 0° to 350°.  
Theoretical background and image processing. The SHG intensity of collagen as a function of 
polarization angle of the incident laser beam can be written as:  
 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑐𝑐 ∙  ��𝑠𝑠𝑠𝑠𝑠𝑠2(𝜃𝜃𝑒𝑒 −  𝜃𝜃𝑜𝑜) + �𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧� 𝑐𝑐𝑜𝑜𝑠𝑠2(𝜃𝜃𝑒𝑒 − 𝜃𝜃𝑜𝑜) �2 + �𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧�2 sin2�2(𝜃𝜃𝑒𝑒 −  𝜃𝜃𝑜𝑜)�� (5.1) 
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where 𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
 and 𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
 are second-order susceptibility tensor element ratios, 𝜃𝜃𝑒𝑒 and 𝜃𝜃𝑜𝑜 are incident 
polarization angle and collagen fiber angle, respectively, and c is a normalization constant. 
Tensor elements are used as a contrast mechanism for identifying sources of SHG signal 17. 
SHG images of the samples were obtained using the software package provided with the 
iCCD camera (Solis, Andor, Belfast, UK). Final images were acquired by averaging at least 15 
images for each polarization angle. A small background, likely due to the ambient light noise, 
was subtracted from all images (ImageJ). After background subtraction, images were filtered 
using a median noise filter (3x3) to attenuate the salt and pepper noise in SHG images (ImageJ). 
Matlab was used to determine the deposited collagen orientation angle and tensor susceptibilities 
for every region of interest (ROI) by fitting equation 1 with the Levenberg-Marquardt 
algorithm18. Images were binned to obtain 2x2 pixel areas (i.e. 2x2 ROIs) and Matlab was used 
to determine the mean signal intensity per pixel and per ROI. Photon counts below 5 counts per 
pixel were excluded from analysis, which was found to be below the limit of detection for this 
setup. The Matlab script also provides the susceptibility tensor elements ratio histograms and 
angle distribution.  
Collagen fiber orientation analysis. SHG radar graphs where SHG intensity was plotted as a 
function of incident polarization angle can be used for quantifying collagen fiber organization 
secreted by fibroblast cells in response to laser irradiation at different polarization angles. 
Polarization anisotropy was used as one of the parameters of determining degree of organization 
of the collagen fibers and was calculated using 19: 
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                                     (5.2) 
where  and I⊥  are SHG intensities at horizontal and vertical polarizations, respectively. For 
𝑃𝑃𝑃𝑃 = 1 or -1 collagen orientation is uniaxial, while for collagen fibers with 𝑃𝑃𝑃𝑃 = 0 orientation 
is completely random.  
Fourier transformation was also used for extracting shape characteristics of SHG radar 
graphs. Fourier space representation of ( , )f m n  can be expressed as follows: 
                    1 2( , ) ( , )1 2
∞ ∞
= ∑ ∑
= −∞ = −∞
jw m jw n
F w w f m n e e
m n
   (5.3) 
where 1w , 2w  and n , m  are period and space parameters. The fast Fourier transformation (FFT) 
algorithm was used for extracting the shape signature. Similarity measurements between two 
shapes can be expressed as: 
     
1
( )
=
= −∑
M
i j
u u
u
D A A   ( 1, 2,..., 1)= −u N    (5.4) 
Where iuA and 
i
uA are normalized amplitude of the shape i and j . D  is defined as one of the shape 
descriptor describing SHG polarimetry profiles 20. For 1=D  collagen orientation is uniaxial, 
while for collagen fibers with 0=D orientation is completely random.  
The following expression was used for calculating eccentricity ( e ) of the polarimetry 
profiles: 
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2
4p
=
AreaFF
Perimeter
,     (5.5) 
      = ae
d
        (5.6) 
Where a  is a distance between foci of the ellipse and d  its major axis length. 1=FF and 0=e
indicate perfectly circular object with collagen fibers oriented completely random.  
5.2.3 Tissue Staining for Fluorescent Imaging. Tissues were first deparaffinized: 2x5 minutes 
in 100% xylene, 5 minutes in xylene/ethanol, 2x5 minutes 100% ethanol, 5 minutes in 95% 
ethanol, 5 minutes in 75% ethanol, 5 minutes in 50 % ethanol and 5 minutes in deionized water. 
Then tissue slides were immersed in sodium citrate buffer (10mM Sodium Citrate, 0.05% Tween 
20, pH 6.0) and autoclaved at 120˚C for 10 minutes. After washing with PBST (PBS and 0.05% 
Tween-20) tissues were incubated in 1% bovine serum albumin (BSA) in PBST (2.5 ml 10% 
Tween-20 in 500ml PBS) for 30 min. Tissue sections were stained with 1:100 goat polyclonal 
antibody against collagen type I (sc-25974, Santa Cruz Biotechnology, Dallas, Texas) and 1:100 
rabbit polyclonal to collagen type III in 2% BSA and 0.1% TWEEN-20 in PBS. After overnight 
incubation at 4˚C in the dark the slides were washed 3 times with PBS for 5 minutes. Tissue 
samples were stained with secondary antibodies 1:200 donkey anti-goat IgG (sc-2024, Santa 
Cruz Biotechnology, Dallas, Texas) and  1:600 secondary anti-rabbit antibody Alexa Fluor® 594 
(ab150080, Abcam) in 1% BSA in PBST for 1 hour in the dark. Then tissues were washed 3 
times with PBS for 5 minutes and incubated with 0.1μg/mL DAPI for 5 minutes. Then slides 
were mounted with coverslips in glycerin jelly and imaged with with an EVOS® FLoid® 
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Imaging Station (Life Technologies) using the blue channel (excitation/emission 390/446 nm) 
and the green channel (482/532 nm).   
5.2.4 Rheology. Rheological analysis was performed on AR 2000 EX rheometer (TA 
Instruments, New Castle, Delaware) using a 20 mm cone with a 1˚ angle. Collagen solutions 
were prepared on ice as described above. Frequency swaps were performed using a controlled 
stress of 0.5Pa with a conditioning step of 5 min to let solution completely gel. 
5.2.5 Statistical analysis. The statistical significance of the mean comparisons were determined 
by ANOVA t using the JMP Pro statistical software package. Pair-wise comparisons were 
analyzed with Turkey HSD. Differences were considered statistically significant for P < 0.05.  
5.3 Results  
5.3.1 Rheology. Storage modulus and loss moduli for the collagen blends were obtained by 
rheology. Gels were predominantly elastic where storage modulus was larger than loss modulus 
for all gels (Figure 5.1). Gels consisting from blend of type III and type I showed decreased 
stiffness compared to the gel consisting only from collagen type I.     
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Figure 5.1 Frequency sweeps of storage (A) and loss (B) modulii of collagen gel blends with 
collagen type III concentration at 0%, 30%, 50% and 90%. 
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5.3.2 SHG microscopy of collagen gels consisting of Collagen I and Collagen III. The second 
order susceptibility was determined for all gel mixtures and values were plotted as a histogram of 
zzz
zxx
χ
χ
tensor ration. Since various SHG sources will results in different values of second order 
susceptibility tensor elements, histogram distributions will provide information on concentration 
ratios of collagen III to collagen I in gel blends. Figure 5.2 shows curve of the distribution fitted 
with bimodal Gaussian function for gel blends at collagen III concentrations of 0%, 10% and 
70%.  
 
 
 
 
 
 
 
Figure 5.2 Distribution of zzz
zxx
χ
χ
 values fitted with bimodal Gaussian function for collagen gel 
blends with collagen type III concentration at 0%, 10%, and 70%. 
 
70% 
0% 10% 
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There is only one peak for the gel consisting only from collagen type and equal to 1.121±0.095 
which is consistent with values form literature and extra peak that appears in collagen mixtures 
can be due to the collagen type III16,21. While other collagen gel mixtures consisting from 
collagen type III and I show two distinct peaks with values shown in table 5.1.  
Table 5.1 Peak values from bimodal Gaussian distribution of different gel mixtures.  
Samples 
    zzz
zxx
χ
χ
 
Collagen III peak 
   zzz
zxx
χ
χ
 
Collagen I peak 
0 
 
1.121±0.095 
10 0.852±0.016 1.183±0.242 
30 0.874±0.098 1.300±0.028 
50 0.802±0.106 1.545±0.073 
70 0.943±0.024 1.223±0.084 
90 0.785±0.057 1.321±0.150 
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Based on the histograms of the tensor ratios we calculated ratios between the areas under 
Gaussian functions for both peaks, where a linear correlation is expected 2 0.9737=R (Figure 
5.3). 
   
 
 
 
 
 
 
Figure 5.3 Ratios of the areas under Gaussian functions fitted to zzz
zxx
χ
χ
 distribution 
5.3.3 In vivo studies. Mice (SKH1-E strain) were injected with latex particles. These particles 
exhibit high cellular adhesive properties, which provokes a foreign body response, ultimately 
resulting in a fibrotic capsule surrounding the implant. After 28 days, the tissues were excised 
and stained with a Masson’s Trichrome stain in which black represents nuclei, pink denotes 
cytoplasm, and blue indicates collagen. Representative images are shown in Figure 5.4.  
2 0.9737=R
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Figure 5.4 Masson’s Trichrome staining of representative sections subcutaneously injected. 
Representative sections stained with Masson’s Trichrome are shown for the various latex beads 
injected into mice. (Magnification 20×, images are 540 × 360 μm2) 
5.3.4 Collagen orientation of fibrotic capsule. Collagen fiber orientation and in the fibrotic 
capsule surrounding the particles were quantified. Images obtained from SHG are shown in 
Figure 5.  
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Figure 5.6 SHG emanates from tissue section with latex beads. Representative SHG images of 
fibrotic capsule in tissue section with different latex beads. SHG in blue pseudocolor, scale bar 
20μm. 
Polarimetry profiles of SHG as a radar graph show the collagen distribution in tissue sections 
(Figure 5.6). In examining the shapes of the polarimetry profiles, it appears that tissue sections 
with amidine, amino, carboxyl and polystyrene particles have a higher degree of collagen 
organization compared to the other particles and control section. Dimethylamino and sulfonate 
particles exhibited a round shaped polarimetry profiles indicating completely random distribution 
of collagen fibers orientation.  
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Figure 5.6 SHG polarimetry profiles for tissue sections with on different latex beads. Y scale 
corresponds to SHG intensity in arbitrary units and the azimuthal angles correspond to 
polarization angles. 
To quantify shapes of polarimetry profiles PA , D and e  values were calculated (Table 5.2). 
Amino, carboxyl and polystyrene had the highest values for all three descriptors. While D and e
values for tissue sections with amidine particles (0.464±0.164 and 0.482±0.101) were quite high 
compared to skin, however, PA was low (0.019±0.009). The D descriptor for tissue sections with 
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amidine, carboxyl, and polystyrene particles were significantly higher compared to the control 
tissue section (p<0.05). Aldehyde/sulfate, sulfonate, dimethylamino, hydroxyl, VBC and PMMA 
particles have collagen orientation comparable to the negative control.  
Table 5.2 Shape descriptor, eccentricity, polarization anisotropy values for tissue sections with 
different PS particles. 
Samples 
Shape descriptor  
( D ) 
Eccentricity 
 ( e ) 
Polarization 
Anisotropy  
( PA ) 
Aldehyde/Sulfate 0.263±0.050 0.369±0.023 0.078±0.0003 
Amidine 0.464±0.164 0.482±0.101 0.019±0.009 
Amino 0.328±0.040 0.509±0.068 0.090±0.010 
Carboxyl 0.418±0.058 0.513±0.045 0.052±0.015 
Dimethylamino 0.089±0.009 0.277±0.079 0.029±0.005 
Hydroxyl 0.111±0.027 0.368±0.065 0.013±0.008 
PMMA 0.326±0.057 0.280±0.031 0.023±0.003 
Polystyrene 0.457±0.111 0.549±0.089 0.078±0.069 
Sulfonate 0.184±0.089 0.219±0.038 0.021±0.015 
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Table 5.2 (continued) 
VBC 
0.158±0.037 0.465±0.166 0.031±0.005 
Skin 0.101±0.016 0.350±0.102 0.010±0.002 
 
5.3.5 Collagen type quantification of fibrotic capsule. Structural inhomogenities were also 
quantified using SHG techniques. After determining zzz
zxx
χ
χ
tensor ratios peaks for each peaks we 
used gradient line from Figure 5.3 to estimate collagen type III percentage in the tissue section 
with particles (Table 5.3). No collagen type III peaks were observed for fibrotic capusles 
surrounding hydroxyl, polystyrene and sulfonate particles. Negative control tissue sections also 
lacked a peak corresponding to collagen type III. Aldehyde/sulfate, amidine, amino, carboxyl, 
dimethylamino, PMMA and VBC particles showed the presence of collagen type III in their 
fibrotic capsule (Figure 5.7). 
 
Figure 5.7 Distribution of zzz
zxx
χ
χ
 values fitted with bimodal Gaussian function for tissue sections 
with aldehyde/sulfate, amidine, amino and dimethylamino particles. 
Amidine Amino Dimethylamino 
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Table 5.3. Peak values from bimodal Gaussian distribution, collagen type III percentage 
calculated form gradient and from immunofluorescence staining of tissue sections with different 
polystyrene particles.  
Samples 
zzz
zxx
χ
χ
 
Collagen III peak 
zzz
zxx
χ
χ
 
Collagen I peak 
Collagen III % 
(gradient) 
Collagen III % 
(ICC) 
Aldehyde/Sulfate 0.84±0.06 1.19±0.02 23.89±2.65 26.81±3.94 
Amidine 0.73±0.15 1.02±0.06 32.06±7.36 23.02±4.55 
Amino 0.83±0.21 1.15±0.08 33.47±5.67 18.85±2.51 
Carboxyl 0.93±0.01 1.23±0.21 20.25±1.31 34.52±4.72 
Dimethylamino 0.72±0.19 1.29±0.35 31.94±3.38 35.51±4.72 
Hydroxyl 
 
1.06±0.03 
 
6.07±1.86 
PMMA 0.84±0.21 1.16±0.01 18.96±1.79 18.84±4.45 
Polystyrene 
 
1.15±0.24 
 
6.64±1.82 
Sulfonate 
 
1.01±0.05 
 
5.699±1.93 
VBC 0.84±0.05 1.50±0.18 17.24±0.57 23.33±2.92 
Skin 
 
1.10±0.15 
 
3.38±2.03 
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To verify our estimation of collagen type III using SHG, tissues sections were stained with 
collagen type I and III (Figure 5.8). 
 
Figure 5.8 Immunofluorescence staining of representative sections subcutaneously injected with 
various latex beads injected into mice. Green is collagen type I, red is collagen type III and blue 
is DAPI. The scale bar represents 100 μm. 
Quantitative analysis of the images was done using Matlab software. The percentage of collagen 
type III was calculated for all particles and compared to SHG results (Table 5.3). Estimation of 
collagen type III from gradient generated from SHG measurements of collagen I and collagen III 
gels compared to staining results were not in complete agreement. Amino appear to 
overestimated the amount of collagen type III compared to staining values. However, we were 
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successful in predicting low values of collagen type III. Hydroxyl, polystyrene, sulfonate and the 
negative control have no collagen type III peaks in their tensor ratio distributions and 
immunofluorescence also shows very low values for collagen type III. 
5.4 Discussion 
To determine quantity of collagen deposition in fibrotic capsules, collagen type III 
content was quantified. Collagen type I is known to confer tensile strength in connective tissues, 
while collagen type III has a thinner diameter and is mostly found during the early stages of 
wound healing. Collagen type II is also responsible for fibrillogensis11,22,23. Here, we showed the 
possibility to assess the composition of a fibrous capsule with SHG microscopy using the 
nonlinear susceptibility tensor ratio zzz
zxx
χ
χ
. Information about collagen type III concentration in 
the fibrous capsule surrounding various polystyrene latex beads can be extracted from the 
gradient curve obtained from collagen gels with defined collagen combinations. Our estimated 
values of collagen III percentage and values from immunofluorescence staining is in a good 
agreement for tissues with very low type III density. However, for tissues with amidine and 
amino particles values obtained from SHG were slightly higher compared to values from stained 
images.  
There are several factors that can affect collagen type III concentration. It was shown that 
co-culturing fibroblast cells with macrophages increases collagen type III secretion. In 
tissue/biomaterial interaction it is thought that deposition of different collagen types depends on 
blood elements as platelet-derived growth factor interaction with the surface of the material and 
interaction of inflammatory cells. Increased collagen type III secretion is usually observed during 
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acutely or chronically inflamed tissues 24. Diminished values of collagen type III were found to 
be associated with a higher number of myofibroblasts and significantly increased scar formation 
13. Our results might indicate that for hydroxyl, sufonate and polystyrene particles inflammation 
was resolved faster and more collagen type I is secreted compared to collagen type III 22.  
Thin and well oriented collagen in most of cases is associated with scarring which can 
lead to the failure of the implanted device due to low vascular density 25,26. Collagen fiber 
orientation analysis showed different patterns for all latex beads. In our studies there was no 
correlation between collagen type III content and collagen orientation in fibrous capsule (
2 0.032=R ), which may be due to different cytokine or growth factor expression profiles 
induced by these particles24,27,28. Latex beads as sulfonate and hydroxyl showed random 
orientation of collagen fibers with similar orientation values for the skin as well as a similar level 
of collagen type III density when compared to the negative control, suggesting that these 
particles can be effective in successfully resolving the foreign body response and can stimulate 
organization of collagen as in normal skin. 
5.5 Conclusion 
The results of this study suggest the possibility of estimating fibrotic capsule structural 
inhomogenities using SHG microscopy and important progress in the ability to modulate foreign 
body response through biomaterial. A wide range of collagen type III density and collagen fiber 
orientation in the fibrotic capsule was observed for different materials. Some particles were able 
to form a collagenous matrix resembling healthy skin. These findings can have the potential to 
improve the performance of implanted medical devices where fibrotic capsule formation is 
undesirable.  
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